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0.1.3 Abstract
A unique cytoskeletal feature of human trabecular meshwork cells in vitro and ex 
vivo is the presence of cross-linked actin networks (CLANs) that are abundant in a 
proportion of cells exposed to dexamethasone and also in cells from glaucoma 
patients. The aim of the work was to determine whether CLANs were present in the 
bovine trabecular meshwork and whether they were also induced by dexamethasone, 
and to determine if such structures were comparable to CLANs in human cells. 
Cultures of human and bovine cells and ex vivo dissections of bovine tissue were 
stained with phalloidin (F-actin) and propidium iodide (nuclei) and imaged by 
confocal microscopy, thereafter being subjected to image analysis. Other potential 
CLAN inducing agents were also tested and work was undertaken to examine whether 
or not it was possible to observe CLANs fonning in living cells via transfection with a 
human p actin eGFP plasmid. Some CLAN-like structures were identified in ex vivo 
bovine tissue cultured with and without dexamethasone; however it was found that 
bovine cells in culture produced abundant CLANs when exposed to dexamethasone 
that was comparable to, if not better than the response from human cells. This work 
showed that CLANs are also stimulated via the application of bovine aqueous humor 
and TGFP2, direct application of 5ng/ml TGFp2 induces more CLANs than 
dexamethasone. This work demonstrates that bovine cells provide a suitable model for 
future investigations of CLAN formation and function where human cells and tissues 
are not available, and the bovine cells might be better in some respects for CLAN 
research.
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The transfection experiments were successful, and this procedure enabled CLAN 
formation to be captured for the first time. We now have some insights into the 
physical formation of CLANs.
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1. Introduction
1.1 The Bovine Eye
1.1.1 Development and Anatomical Overview
The eye develops from several layers (the forebrain, mesenchyme and ectoderm) 
(Arey, 1965). Development is complex and passes through many stages, including the 
development of a preliminary optic vesicle, which develops into the so called optic 
cup before final maturation into a recognisable eye (Arey, 1965; Bron et al, 1997; 
Slatter, 2001a) (Fig 1). At birth, the eyeball measures approximately 16 to 17 mm in 
diameter, this size increases rapidly in the weeks following birth until it reaches the adult 
size after thirteen weeks (Leeson and Leeson, 1970).
The average diameter of the eye in a fully grown cow is 34 to 37 mm anterior- 
posterior, 37 to 42 mm vertically, and 38 to 43 mm transversely there is a small sex 
difference with the measurements being slightly bigger in the males than in the 
females (Prince et al, 1960).
The bovine eyeball is similar in many respects to the human eyeball; however there 
are some key differences such as size (the bovine eye is clearly larger) muscle 
insertion sites (the bovine has four, the human eye six), bovine eyes have a thicker 
cornea, and the bovine eye has a tapetum, which is not present in the human eye, the 
bovine eye also lacks a macula which is present in the human eye.
For dissection, the bovine eyeball may be orientated by the pupil anteriorly, and the 
optic nerve, which lies laterally beneath the posterior pole of the eye.
In an un-dilated state, the pupil is transversely ellipsoid - with the widest part of the 
ellipse indicating the outer edge of the eye; the pupil becomes rounded once in the 
dilated state however; and therefore if the specimen has a rounded pupil other
14
Figure 1: Diagram of the Bovine Eyeball
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indicators such as the rectus muscle insertion points and the position of the optic 
nerve can be used to orientate the eye (Slatter, 2001b).
The major tunics (or layers) of the bovine eye are the same as those that are found in 
the human eye, namely; the fibrous tunic (comprising the tough white-coloured sclera 
and the transparent cornea, which merge at the point of the corneoscleral limbus) and 
the vascular tunic (which comprises the choroid, ciliary body and iris) (Slatter, 2001b), 
The choroid in the cow is a highly vascular and pigmented tissue. Upon dissection of 
the eye, the vivid blue / green colour of the semi-circular tapetum lucidium, which 
lays both posteriorly and marginally above the optic disc, can be clearly seen. The 
function of this tissue is to reflect scattered light, which reportedly enhances night 
vision (Dellman and Brown, 1976; Dyce et al., 1987; Ollivier et al, 2004).
The ciliary body comprises the anterior part of the choroid. It is recognizable by the 
“ciliary crown” - a collection of vascular radial processes, from which zonular fibres 
extend toward the lens, where they connect to the lens’ elastic capsule. The ciliary 
processes are the sight of aqueous humor production, as in the human eye (Hogan et 
al.1971, Budras and Habel, 2004). The ciliary ring (orbiculus ciliaris) is a structure 
that contains extremely small ciliary folds and lies posterior to the ciliary processes 
(Hogan et al.1971). The iris lies between the ciliary body and the pupil. It is usually a 
dark coloured tissue in the cow, due to the heavily pigmented posterior epithelium 
{pars iridica retinae). As in the human eye, the iris acts as a diaphragm that controls 
the amount of light that can enter the eye.
There are small, dark projections on the superior and inferior edges of the pupil. 
These are vascular appendages (the granular iridica) that are covered by a layer of 
retinal pigment epithelium, and it is this that imparts colour to this tissue (Hogan et al, 
1971, Garner and Klintworth, 1998). The retina lines the entire vascular layer inside
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the eye. The optical part of the retina (the part involved with sight) is the major 
component of this tissue, and covers the inner eye from the optic disc to the ora 
serrata near the ciliary body. The retina has an inner nerve containing layer (that 
contains the vision producing cells) and an outer layer which is pigmented (except for 
the section that lies over the tapetum) (Bron et al, 1997; Slatter, 2001b; Budras and 
Habel, 2004). The “blind” (non vision producing) part of the retina lines the iris and 
ciliary body. The iridial section is pigmented in its inner layer, while the outer layer is 
pigmented in the ciliary section. The nerve fibres of the retina exit the eye via the 
area cribosa after which they form the optic nerve (Hogan et al, 1971; Gamer and 
Klintworth, 1998; Slatter, 2001b; Budras and Habel, 2004).
The anterior chamber (the area between the posterior of the cornea and the pupil) and 
posterior chamber (the area between the lens and the rear of the pupil) are in direct 
communication via the pupil. Aqueous humor once formed, flows from the posterior 
chamber, through the pupil to the anterior chamber angle. The anterior segment of the 
bovine eye is an asymmetric structure. The anterior-posterior extension of the outflow 
region is much wider in the superior and inferior quadrants than in the nasal and 
temporal. The differences in size appear to be in the region directly adjacent to the 
aqueous plexus (Flugel et al, 1991; Bron et al, 1997).
Within the irideo-comeal anterior chamber angle, the iris is attached to the scleral ring 
via delicate radial trabeculae. Between these trabeculae lie the spaces of Fontana, 
through which aqueous humor drains before it enters the venous plexus and exits the 
eye (Bron et al, 1997; Slatter, 2001b; Budras and Habel, 2004).
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1.1.2 The Bovine Outflow system
The bovine outflow system has been an important tissue in eye / glaucoma research 
ever since it was first used by Barany to investigate the influence of hyaluronidase on 
outflow resistance (Barany and Scotchbrook, 1954). The large size of the bovine 
meshwork allowed it to be used for classical biochemical investigations including the 
characterization of its metabolic enzymes (Anderson et al, 1980). The ease of 
dissection (when compared to the much smaller human tissue) and the large size of 
the bovine meshwork attracted Grierson et al, (1985) to use it for cell culture. The 
bovine meshwork cells were found to be hardy and had a pronounced growth 
potential. Their phenotype was found to be very similar to the human trabecular 
meshwork (HTM) equivalent in culture (Grierson et al, 1985; Grierson et al, 1986; 
Creanetal, 1986).
Bovine meshwork cells and ex vivo organ cultures of trabecular meshwork tissue, 
have been used for a wide range of investigations including those that have involved 
the bovine meshwork cell cytoskeleton (Grierson et al, 1986; Grierson and Hogg, 
1995; Tian et al, 2000) and cell contraction (Wiederholt et al, 1995; Thieme et al, 
1999; Rosenthal et al, 2005) with respect to trabecular meshwork outflow. In vivo, the 
anatomy of the bovine meshwork is somewhat different from the human trabecular 
meshwork, and has a reticular organisation rather than a true trabecular organization 
(Flugel et al, 1991).
One finding of particular interest to this work was that of Gerometta et al, 2004, who 
found that all bovine eyes tested (n = 12) exhibited “a robust steroid response” (a rise 
in intraocular pressure (IOP) following the topical administration of glucocorticoid 
(prednisolone-acetate, in this case.) To date, there has been no satisfactory conclusion
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as to why this phenomenon occurs so uniformly in cattle, however, this finding 
further supports the usefulness of the bovine eye, and its outflow system in glaucoma 
and outflow research.
1.2 The Human Eye and Outflow System
1.2.1 An Overview of Anatomy and Physiology
The human eye is a highly sophisticated organ of photoreception that allows light 
from the environment to be converted to electrical signals (via the rod and cone cells 
of the retina and the optic nerve) that are transmitted to the visual cortex of the brain 
where they are processed to produce vision. All of the other parts of the eye are 
present to support the function of vision, either directly (cornea, pupil, lens) or 
indirectly by nourishing or supporting the primary vision structures (ciliary body and 
aqueous outflow tissues) (Bron et al, 1997; Snell and Lemp, 1998).
The eyes develop from the mesoderm (lens) and ectoderm (retina and cornea) germ 
cell layers. The first stage of development (embryogenesis) is complete at 3 weeks 
gestation when the optic sulcui appear on either side of the cranial end of the neural 
fold. The second stage of development (or organogenesis - when the primary organ 
rudiments are present) is completed by the 8th week of gestation. The third and final 
stage is differentiation; during which the organs proper are formed. This stage usually 
begins around the 12th week of gestation and extends up to birth (Hogan et al, 1971; 
Barishak 1992; Snell and Lemp 1998).
During differentiation, the retina, optic nerve, vitreous, lens, and the structures of the 
chamber angle are developed. The macula continues differentiation after birth and is
19
Figure 2: Diagram of the Human Eye
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fully formed after 45 months. The adult eye measures approximately 2.5 cm in 
diameter, a size that is normally reached at approximately 2 years of age (Barishak 
1992).
The eyeball is formed from three layers (or tunics) the fibrous, uveal and neural layers. 
The outermost (external) layer is the fibrous layer; it is so called because it is 
composed of a tough protective fibrous coat that protects the more delicate internal 
layers. This layer also helps to maintain the shape of the globe (crucial for proper 
vision) and allows for extraocular muscle insertion and eye movement without 
deformation of the globe (Hogan et al, 1971; Bron et al, 1997; Tortora et al, 2009) 
(Fig 2).
The sclera forms the major part of the outer coat of the eye. It runs from the 
corneoscleral junction anteriorly to the point of optic nerve insertion posteriorly. It is 
composed of very dense, irregular and overlapping type I and III collagen fibres, and 
is largely avascular and acellular and is well hydrated. It is these factors that combine 
to give the sclera its white colour. The arrangement of the collagen fibres also imparts 
rigidity to the eye which prevents any expansion from increased intraocular pressure 
(IOP) and also resists external compression. The sclera merges with the cornea at the 
corneoscleral junction (or limbus) (Snell and Temp, 1998).
The cornea is composed of 5 layers. Externally is a layer of stratified squamous 
epithelium which has numerous microvilli and ridges on the outermost layer. There is 
a glycocalyx coat which helps to stabilise the tear film that protects this layer. The air- 
tissue interface and the tear film are responsible for most of the refractive power of 
the cornea. This layer is followed by the anterior limiting lamina (Bowman’s layer), 
an avascular hypocellular stroma, the posterior limiting membrane (Descemefs
21
membrane) and a layer of non-replicating endothelial cells on the innermost surface 
(Tortora et al, 2009; Snell and Lemp, 1998).
Light entering the eye is refracted by the curvature of the cornea. Corneal 
transparency is vital for vision and is maintained by the active transport of water from 
the stroma to the aqueous humor (Bron et al, 1997; Tortora et al, 2009).
The collagen (type I, III and V) bundles in the cornea are arranged regularly in thick, 
flattened lamellae-like structures. This arrangement of collagen, its dehydration 
(relative to the cornea) and its avascular nature ensure it is a transparent structure that 
allows light to enter the eye through its thinnest central point (approximately 0.5mm) 
(Hogan et al, 1971; Tortora et al, 2009).
The uveal tract is composed of the choroid posteriorly and the ciliary body and iris 
anteriorly. The choroid is the vascular coat of the eye positioned between the sclera 
and the innermost retina, which runs in one continuous layer from the optic nerve 
through to the pupil (Hogan et al, 1971; Bron et al, 1997; Tortora et al, 2009).
This pigmented vascular loose connective tissue consists of 5 distinct layers. Beneath 
the retina lies Bruch's membrane. This is followed by a rich capillary bed called the 
choriocapillaris, then Haler’s layer (which contains the large vessels), Sattler’s layer 
(medium sized vessels) and finally the suprachoroid (Snell and Lemp, 1998; Tortora 
et al, 2009).
The iris is a contractile circular diaphragm like structure that separates the anterior 
and posterior chambers of the eye. It is attached by its root at the iridocorneal angle 
where it merges with the ciliary body and the trabecular meshwork. The iris is 
composed of 4 layers, the anterior border, a stroma of loose connective tissue which
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contains collagen fibres, fibroblasts and melanocytes (the melanocytes impart colour 
to the iris), the dilator pupillae muscle, and the posterior pigmented epithelium. The 
muscle layer of the iris allows it to constrict or dilate the pupil in response to light 
levels (Hogan et al, 1971; Snell and Lemp, 1998; Tortora et al, 2009).
The ciliary body forms a 5mm ring that extends from the scleral spur (below the 
cornea at the corneoscleral junction) to the ora serrata posteriorly. The ciliary body is 
roughly triangular in cross section, and is divided into two regions, the pars plicata 
anteriorly and the pars plana which merges into the neuroretina posteriorly. The 
suspensory ligaments which hold the lens in place are attached to the ciliary muscle 
anteriorly (Hogan et al, 1971; Bron et al, 1997; Snell and Lemp, 1998; Tortora et al, 
2009).
The third layer is the neuroretina. The neuroretina is composed of two main layers, 
the inner stratified layer of neural cells and an outer epithelial monolayer called the 
retinal pigment epithelium (RPE). The RPE is responsible for the maintenance and 
homeostasis of the neural layer. These cells utilise vitamin A to synthesise 
photoreceptor pigments, and phagocytose degenerated outer segments. They also 
transport nutrients, metabolites and water. Loss of these cells results in loss of 
photoreceptor cells (specialised neurons, the rods and cones) and eventually loss of 
vision (Hogan et al, 1971; Bron et al, 1997; Tortora et al, 2009).
Once light is focussed onto the neuroretina, it causes polarisation of the photoreceptor 
cells. This light is then converted into electrical signals which are relayed to the brain 
via the ganglion cells. Cone cells are responsible for colour vision and are found in 
highest concentration in the macula, which is the area that produces central vision.
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Rods are important in peripheral vision and during low light levels and for night 
vision (Bron et al, 1997; Hogan et al, 1971; Tortora et al, 2009).
Other intraocular structures further improve the transmission of light through the eye 
to the neuroretina. The pupil reduces light scatter inside the eye and controls the 
amount of light that can enter the eye by increasing or reducing its diameter. The lens 
further focuses light onto the retina. The lens does not have the refractive power of the 
cornea, but it has the ability to change shape via its suspensory ligaments and the 
ciliary muscle so that it can focus light from near or far objects. Ciliary muscle 
relaxation causes tension in the lens zonules, stretching the lens capsule which results 
in a decrease in the convexity of the anterior surface of the lens and allows distance 
vision. The opposite situation (contraction of the ciliary muscle and an increase in the 
convexity of the anterior surface of the lens) allows focus for near objects. The ability 
of the lens and ciliary muscle to change from near to distance vision is called 
accommodation. The ability of the lens to accommodate near and far focus decreases 
with age (Hogan et al, 1971; Bron et al, 1997; Tortora et al, 2009).
Aside from the structures directly involved in vision, there are other components in 
the eye that have a supportive role. The vitreous humor is a transparent, clear 
viscoelastic gel that fills the posterior chamber between the lens and the neuroretina. 
It has a refractive index of 1.33 and its viscosity is 2 to 4 times that of water. It is 
mostly acellular, except for occasional hyalocytes (which are phenotypically similar 
to macrophages) that remove debris. It is also avascular and unlike the aqueous humor 
is not replenished. The vitreous is mostly (>98%) composed of water with salts, 
carbohydrates, type II collagen fibres and hyaluronic acid making up the remainder. 
The collagen fibres are 8-12nm in diameter, and they trap hyaluronic acid molecules.
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The vitreous is held in place by attachment at three sites, around the anterior border of 
the retina, at the macula, and at the optic nerve. The origin of the vitreous has not as 
yet been firmly established. Theories of its origin include secretion by the hyalocytes, 
ciliary epithelium, or the hyaloid vessels present during foetal development (Berman 
and Voaden, 1970; Hogan et al, 1971; Tortora et al, 2009).
Aside from its role in lens accommodation, the ciliary body is also responsible for the 
production of the aqueous humor. The aqueous and its flow through the tissues of the 
outflow system are a major component of this work and will be discussed in detail in 
subsequent sections.
1.2.2 The Trabecular Meshwork
From approximately the seventh week gestation fibrils of mesoderm in the early 
internal comoesclera forms parallel bundles which are the precursors to the 
corneoscleral meshwork. SchlemnTs canal is present by twelve weeks on the venous 
side of the newly formed vascular channels in the associated mesoderm. The anterior 
chamber angle also begins to form at this time as the neuroectoderm grows forward to 
form the beginnings of the epithelial layers of the iris (Hogan et al, 1971; Bron et al, 
1997; Snell and Lemp, 1998).
The limbus of the eye undergoes much change and differentiation between the third 
and fifth month gestation. Following further growth, the corneoscleral meshwork 
separates from the surface of the developing iris. There is progressive migration of 
Schlemm’s canal in the direction of the anterior chamber as the chamber angle 
deepens and grows wider. Growth and differentiation then slows so that the other 
regions of the TM are not developed until the seventh or eighth month of foetal life 
(Berman and Voaden, 1970, Tortora et al, 2009).
25
In the fully developed eye, the trabecular meshwork and related structures of the 
outflow pathways are embedded within the internal scleral sulcus, a circular groove 
on the inner aspect of the sclera in region of the corneoscleral limbus (Tam, 2009). 
The scleral sulcus extends from the edge of Descemet's membrane as far as the scleral 
spur, which is a wedge-shaped circular ridge that protrudes from Schlemm’s canal (a 
circular collecting channel into which fluid drains after it filters through the trabecular 
meshwork) (Bron et al, 1997; Snell and Lemp, 1998; Tortora et al, 2009).
The trabecular meshwork itself has three distinct regions; the uveal meshwork, the 
corneoscleral meshwork and the juxta-cannilicular meshwork (or JCT) (Hogan et al, 
1971; Bron et al, 1997) (Fig. 3).
The uveal meshwork extends from the iris root and ciliary body to Schwalbe’s line. It 
is the inner most section of the TM, and is the first region through which the aqueous 
humor must pass after entering the chamber angle. The TM arrangement in this area is 
best described as “loose”. The tissue here is composed of between one and three 
beams, which have relatively large spaces between them (25-75pm). These beams are 
covered by TM cells, which extend processes to each other to form a loosely 
organised, open net-like structure. These beams or lamellae have a core of densely 
packed connective tissue, which contains collagen (mainly type I and III (Marshall et 
al, 1991) dispersed with elastic fibres (Bron et al, 1997).
The corneoscleral meshwork comprises between 8-15 trabecular beams (Tamm, 
2009). The cells that cover these beams are flat, and rest upon a basal lamina. The
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beams attach to one another in several layers and form a porous filter-like structure, 
with the elliptical pores becoming smaller, and beams becoming closer together 
deeper into the tissue (Pores are generally within 5-50 microns in diameter). It is the 
structure in this region that contributes to outflow resistance (Llobert et al, 2003).
The JCT (which is the exterior portion of the TM that lies directly adjacent to 
SchlemnTs canal) is the smallest part of the TM with a thickness of between 2-20 
mm. There are no trabecular lamellae in this area. This region consists of loosely 
arranged connective tissue with 2-5 layers of cells throughout it that are embedded in 
the extracellular matrix (Tamm, 2009). Anteriorly, the trabecular beams are attached 
near Schwalbe’s line and then extend posteriorly to the ciliary body and iris root. 
Aqueous humor passes from the JCT region into the episcleral veins or into 
Schlemm's via transcellular pores and via giant vacuoles (discussed later).
Schlemm’s canal is shorter in diameter than the TM. The filtering portion of the TM 
(that through which aqueous passes) can be differentiated from a non-filtering region 
which has no Schlemm’s canal adjacent to it and so is not able to allow aqueous to 
pass through it.
Those cells of the non-filtering portion of the TM differ in structure from those of the 
filtering TM (Raviola, 1982). There is some evidence that points to this region as an 
area where stem cell/progenitor cells exist. It is thought that these cells are capable of 
repopulating the filtering part of the TM after significant cell loss (Kelley et al, 2009).
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The cells in this region form long processes which attach them to the extracellular 
matrix (ECM), as well as to each other and to the cells that line SchlemnTs canal. The 
spaces between these cells are filled with ECM which is proteoglycan and hyaluronin 
rich. Another structural element of the JCT is a network of elastic fibres that run at a 
tangent to the endothelial cell layer of SchlemnTs canal; and show some similarity to 
the collagenous beams of the corneoscleral meshwork, in that they have electron 
dense cores (Rohen et al, 1981). It is thought that these fibres act as mechanical 
tethers that ensure contact is maintained between the JCT and the endothelial cell 
layer of SchlemnTs canal (Gasiorowski and Russel, 2009). The JCT also includes 
non-structural components such as myocilin, which associates with the ECM in this 
region, although the biological effect of this association is as yet unclear (Tamm, 
2008). The formation and degradation of the ECM is driven by local growth factors 
such as TGFp2, which act in both an autocrine and a paracrine way (Fuchshofer and 
Tamm, 2009). Additionally, other exogenous factors such as glucocorticoids (Clark 
and Wordinger, 2009) can also affect JCT-ECM turnover. This is interesting because 
it has been found (Tektas and lutjen-Drecoll, 2009) that a characteristic structural 
change in the eyes of patients with POAG and steroid-induced glaucoma is an 
increase in fibrillar ECM in the JCT, and this may contribute to the increased outflow 
resistance associated with these pathologies. More recently, Tektas et al (2010) have 
identified the same anomaly in the outflow pathways in the bovine eye, following 
treatment with prednisolone for 4 weeks. It would appear then that the accumulation 
of ECM plaques in the outflow system and increased outflow resistance (raised IOP) 
are intimately linked, even in the bovine model.
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Figure 3: The Three Regions of the Trabecular Meshwork
H & E stain on a wax section of human trabecular meshwork tissue. The three regions 
of the meshwork are labelled.
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While not part of the trabecular meshwork, Schlemm's canal is so intimately linked to 
the trabecular meshwork and the outflow of aqueous humor, that it necessitates 
mention here (Hogan et al, 1971; Bron et al, 1997).
Schlemm's canal is an endothelial lined channel that is on average, 190-370 microns 
in diameter. The external endothelial cell layer of Schlemm’s canal is flush with the 
most interior portion of the TM-JCT region of the trabecular meshwork. Although 
these two structures abut each other, there is no continuous contact between them. 
These cells lie on an incomplete basal lamina, and are not supported by ECM in all 
areas. Some regions are in direct contact with the extracellular spaces of the JCT. In 
these areas the pressure of the aqueous humour pushing against the basal aspects of 
these cells causes the formation of giant vacuoles (Johnstone and Grunt, 1973; 
Grierson and Lee, 1975 and 1977) which allow the passage of (relatively) large 
volumes of aqueous through the cells of the endothelium to Schlemm’s canal. The 
formation of these vacuoles is thought to be pressure dependent, and their numbers 
has been shown to diminish within three minutes of the IOP being reduced to zero 
(Brilakis and Johnston, 2001). These structures are reported to form preferentially 
near to collector channels (Parc et al, 2000) and their numbers and size are reported to 
diminish with increasing age (Boldea et al, 2001). In addition to this intracellular 
route, there is also a paracellular route that aqueous humor may take to enter 
Schlemm’s canal. Although of similar size to intracellular pores, the paracellular 
pores appear less commonly (Ethier et al, 1998) and according to Bill and Svedburgh 
(1972) these structures only account for approximately 10% of total outflow 
(resistance) in the eye.
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Aqueous humor once drained into Schlemm’s canal, enters the collector channels and 
aqueous villus to connect with the main circulatory system via the episcleral and 
conjunctival veins (Bron et al, 1997). There is also drainage of aqueous through the 
interstitial spaces in, where it flows via the ciliary muscle into both the supraciliary 
and supra-choroidal spaces, from where it may pass through the sclera (via spaces 
between the collagen fibrils within the sclera, and also through the loose connective 
tissues along the nerves and blood vessels that pierce the sclera. This was called uveo- 
scleral outflow by Anders Bill (1977).
1.2.3 Trabecular meshwork cells
Trabecular Meshwork (TM) cells (in vivo) differ in shape and size depending on 
which area of the TM they are in. The cells of the uveal meshwork are irregular, with 
an almost stellate arrangement and long processes. The cells in the corneoscleral 
region are flattened, and adhere to the trabecular beams in this region. The cells of the 
JCT area are, as briefly mentioned above, somewhat smaller than the cells of the other 
regions. They are embedded in an extra-cellular matrix and extend processes through 
this to remain in contact with each other. The cells of the trabecular meshwork rarely 
replicate (Polansky et al, 1979). They are supplied with nutrients via the aqueous 
humour, as it passes through.
Aside from their structural role, TM cells carry out numerous functions in vivo, 
including phagocytosis of cellular debris and pigment that may enter the TM 
(Wordinger and Clark, 1999) and turnover of the ECM (Yue, 1996). There is a 
decline in trabecular cell numbers with increasing age, so much so that by the age of 
80, there is a reduction in TM cell numbers of almost 50% (Grierson and Hogg, 1995).
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It has been reported that absolute TM cell numbers can differ per fellow eye, as well 
as between different people (Tcshumper and Johnson, 1990), and that this difference 
may be more marked in people with POAG (Grierson and Hogg; 1995).
Human trabecular meshwork culture was first described by Polansky in 1979. Since 
that time it has been used extensively to determine the biological and molecular 
properties of this cell type. One of the earliest reported in vitro glaucoma models used 
human TM cells treated with glucocorticoids (see 1.4.5). Glucocorticoids, (especially 
the more potent variants such as dexamethasone), can increase intraocular pressure, 
and this finding was then transferred to cell culture in order to examine glaucoma-like 
changes in human TM cells (Polansky et al, 2000). In addition to cytoskeletal changes 
(discussed later in section 1.5.4) treatment with glucocorticoids is known to induce 
other changes that are associated with glaucoma such as a down-regulation of ECM 
remodelling proteins (matrix metalloproteases or MMP's) which causes decreased 
outflow in vivo (Ehrich et al, 2005).
In vitro, TM cells have an irregular spread shape in sparse early cultures, and later 
become elongated and regular in mature confluent culture. Nuclei are approximately 
centralised, and numerous nucleoli may be present.
Early passage cells may contain pigment, but this is lost after 2 or 3 passages so that 
the cytoplasm is usually clear. It has been reported that TM cells cultured in aqueous 
humor differ from those grown in traditional cell culture media with replacement 
nutrients (Fautsch et al 2005) and that these differences extend from the physical (cell 
shape) to the molecular (altered protein expression).
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The lens and cornea are of necessity transparent structures. They are entirely 
avascular, and therefore rely solely on a constantly renewed supply of nutrients in 
addition to gas exchange from the aqueous humor. In the same way, the constantly 
replenished aqueous removes waste products from the metabolism of these cells.
There are numerous salts and ions in the aqueous humor as well as a number of 
vitamins and enzymes and immune proteins. The aqueous contains over a 40-fold
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TM cell lines are numerous and variable in their characteristics (growth rate, response 
to different treatments, etc) and immortalised cells will continue to far higher passage 
numbers than cells from non-immortalised primary cell cultures. For the purposes of 
this work the immortalised TM3 and TM5 cell lines were selected as these have been 
in common use in our laboratory, and are known to be stable in their doubling time. 
TM3 cells originally came from an elderly donor with POAG, and so are used as a 
glaucomatous cell line, while TM5 cells came from a healthy young adult with no 
known eye disease, and so serve as “normal” trabecular cells. We also experimented 
with other cell lines during this work ( kind gifts from Alcon, Fort Worth, Texas) 
however, we found that for our purposes the TM3 and TM5 cell lines proved to be 
most useful and so these were used preferentially.
1.3 The Aqueous Humor 
1.3.1 Function and Composition
The functions of the aqueous humor are: to provide nutrients and oxygen to the 
avascular lens and cornea; to remove metabolic waste; to enhance the diopteric power 
of the lens and to provide the IOP, which maintains the proper shape of the eye and its 
internal structures and allows for accurate vision. In addition, the presence of 
relatively high concentrations of immuno-globulins, might suggest an immune role. 
The lens and cornea are of necessity transparent structures. They are entirely 
avascular, and therefore rely solely on a constantly renewed supply of nutrients in 
addition to gas exchange from the aqueous humor. In the same way, the constantly 
replenished aqueous removes waste products from the metabolism of these cells.
There are numerous salts and ions in the aqueous humor as well as a number of 
vitamins and enzymes and immune proteins. The aqueous contains over a 40-fold
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increase in the plasma concentration of ascorbate (Krupin and Civan, 1996) which is 
comparable to the level found in cerebrospinal fluid (Rice, 2000). It has been 
suggested that the ascorbate may be modulating ion channel activity, in addition to 
neutralising reactive oxygen species (Nelson et al, 2007).
Bovine aqueous composition has been researched and it has been determined that the 
composition alters with increasing time post mortem, specifically the levels of 
carbohydrate decreases, while the levels of amino acids generally increase (except for 
Leucine, Arginine and Tyrosine, which decrease) (Ismail et al, 1977).
1.3.2 Formation
The ciliary body consists of two sections; the anterior pars plicata and the posterior 
pars plana. The anterior section is composed of (approximately) 70 radially arranged 
ciliary processes that project into the posterior chamber (Hogan et al, 1971; Kanski 
and McAllister, 1989).
Each process has a layer of pigment which is continuous with the retinal pigment 
epithelium and a non-pigmented layer which is continuous with the neuroretina. The 
centre of each process contains a capillary bed (Kanski and McAllister 1989).
The aqueous is formed via two processes; active secretion and passive secretion. The 
active secretion of the aqueous humor is driven (primarily) by vectorial ion trunsport 
(predominantly chloride ions) across the ciliary epithelium from ciliary stroma out 
into the posterior chamber, which results in the generation of an osmotic gradient that 
in turn drives water movement (Do et al, 2006). Aqueous secretion is diminished by 
factors that inhibit metabolism (such as hypoxia or hypothermia) but it is independent 
of the IOP level (Hogan et al; 1971; Kanski and McAllister, 1989; To, et al 2002).
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The remaining 20% of aqueous is produced via passive processes such as diffusion 
and ultra-filtration. These processes are entirely dependant on the blood pressure in 
the capillaries, the plasma oncotic pressure, and the IOP. At higher IOP, the rate of 
aqueous secretion via the passive routes will be diminished (Kanski and McAllister, 
1989). The normal rate of aqueous humor production in humans is reported to be 2- 
3pi per minute (Hogan et al, 1971; Kanski and McAllister, 1989; Bron et al, 1997).
1.3.3 Flow and Outflow
The great majority of outflow occurs via the conventional pathway (the trabecular 
meshwork, Schlemm’s canal and the episcleral venous route). Aqueous flows from its 
point of formation in the posterior chamber, around the lens and through the pupil into 
the anterior chamber. Once in this chamber the fluid enters the chamber angle where 
it will flow through the three regions of the trabecular meshwork (Fig 4) (the inner­
most uveal meshwork with its large pores, the large middle section of the 
corneoscleral meshwork with its highly organised beams and smaller intra-trabecular 
spaces, and finally the outermost JCT region with its extra-cellular matrix) before 
entering Schlemm’s canal and flowing into the episcleral veins.
A minor amount (in adults) of outflow occurs through the unconventional (or 
uveoscleral) outflow route, which is open at the chamber angle, at the region of the 
anterior insertion of the ciliary muscle (Lutjen-Drecoll and Rohen, 1984; Tamm, 
2009). Flow through the uveoscleral route is pressure independent (does not alter with 
increasing IOP), and is determined by bulk flow (Bill, 1965; Penderson and Toris, 
1987).
At the time of writing, there appears to be no data for outflow rates in the bovine eye 
in vivo (whether by conventional or unconventional routes), however in artificially,
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perfused bovine eyes, aqueous forms at a rate of 2.7+0.5pl per minute (Shahidiillah, et 
al 2003). In non-human primates where this has been studied in more detail, it has 
been found that as much as 40-60% of aqueous drainage occurs through the 
uveoscleral route (Bill, 1971). Other animals have varying degrees of uveoscleral 
outflow including; cat (3%), rabbit (3-8%), dog (15%) and cynomolgus monkey (55%) 
(Aim, 2009).
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Figure 4: Aqueous Flow through the Posterior and Anterior Chamber
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The amount of uveoscleral outflow appears to reduce with age. The mechanism 
behind this may be an increase in the connective tissue within the spaces of the ciliary 
muscle, especially within the reticular ciliary muscle, which faces the anterior 
chamber (Tamm, 1992) who reported that the connective tissue in this area increased 
from approximately 25% in the eyes of people aged 30 - 40 years to more than 50% 
in people over 60.
The rate of flow may be determined by the following factors:
• The rate of aqueous secretion,
• The resistance to outflow,
• The pressure within the episcleral veins.
These factors can be combined and expressed using a derivation of the Goldman 
equation:
PB ~ (F/C) + Pe
Which may also be expressed as F = C {P0- PJ.
Where by:
P0 = The IOP in mmHg 
F = The rate of formation in pl/min, per mmHg 
C = The Outflow facility in pl/min, per mmHg and 
Pe = The episcleral venous pressure in mmHg.
The rate of flow alters daily in response to the circadian rhythm (Liu, 1998). However 
the variation is small enough that this change does not inadvertently affect vision 
(Morton Grunt 1951; Asejczyk Widlieka and Pierscionek, 2007).
38
1.4 The Glaucomas
1.4.1 Background
The glaucomas are a group of heterogeneous disorders that are together one of the 
most frequent causes of blindness in the world (Quigley, 1996). Although there are 
several different classifications of glaucoma, their final common pathway is an 
excavative atrophy of the optic nerve leading to progressive visual field defects and 
finally, total blindness (Funk, 2009). Raised intraocular pressure (IOP) is a significant 
risk factor for developing glaucoma, however while one person may develop nerve 
damage at a relatively low pressure, another person may have high eye pressure for 
years and never develop optic nerve damage. Loss of vision normally occurs very 
gradually over a prolonged period of time, and is often only recognized when the 
disease is quite advanced. Once lost, this damaged visual field can never be recovered. 
Worldwide, glaucoma is responsible for 12,3% of total world blindness, and is the 
second leading cause of vision loss after cataract (Resnikoff et al, 2002). Glaucoma 
affects 1:200 people aged fifty or less, and 1:10 over the age of eighty. If the 
condition is detected early enough it is possible to arrest the development (or at least 
slow the progression of vision loss) via pharmacological or surgical intervention 
(Foster and Resnikoff, 2005).
Symptoms
There are not any symptoms in the early stages of the disease in the most common 
type of glaucoma in the UK, primary open angle glaucoma (POAG). Often a 
preliminary diagnosis will be made during a routine sight test if tonometry is 
performed. The diagnosis of glaucoma will be made on the basis of a raised
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intraocular pressure, peripheral visual field defects and optic nerve head appearunce 
(the presence of cupping). However, given that it is possible for there to be a high IOP 
with no optic nerve head cupping, or for there to be a normal pressure with optic 
nerve head cupping and vision loss (in normal tension glaucoma) a better definition of 
glaucoma might be; An optic neuropathy associated with visual field loss and / or 
changes in IOP (Kanski and McAllister, 1989).
Another glaucoma is angle closure glaucoma, the symptoms of which are dramatic 
and can include pain in or behind the eye ball, red eye, and a headache with nausea 
and vomiting and visual disturbances.
1.4.2 Risk Factors
The major risk factor for most glaucomas is increased intraocular pressure. Intraocular 
pressure is a function of the rate of production of aqueous humor by the ciliary 
processes in the ciliary body; and the resistance to its drainage from the eye through 
the trabecular meshwork (TM). The major risk factors are discussed below.
Intraocular Pressure
A generally accepted normal mean eye pressure value is 16 mmHg. The normal 
pressure range is from 10 to 21 mmHg. The eye pressure has a non-gaussian 
distribution with a skew towards higher pressures (meaning in many people a pressure 
above the 21 mmHg level is normal). As stated above, some eyes will undergo 
extensive glaucoma damage even when their pressure is in the 'normal' range, while 
others suffer no damage with pressure well above 21 mmHg. Despite this, a value of 
21-22 mmHg has been widely accepted as a good way to determine 'normal' eye 
pressure from a pressure level which should be viewed with suspicion for glaucoma.
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The normal distribution of eye pressure in POAG patients was analysed in the 
Baltimore Eye Survey (Tielsch et al, 1994). They found that the likelihood that an eye 
with glaucoma will have a pressure of more than 22 mmHg was almost 9 times more 
than the likelihood of it having a pressure of less than 21 mmHg and so this pressure 
is a useful, if imperfect aid in clinical diagnosis and provides a basis of proof for IOP 
lowering in the treatment of primary open angle glaucoma.
The Early Manifest Glaucoma (Leske et al, 2004) Trial showed that immediately 
treating people who have early stage glaucoma can delay the progression of the 
disease and vision loss. In this trial, 49% of patients had progression of visual field 
defects if the eye pressure was not lowered, but fewer than 30% had glaucoma 
progression when the eye pressure was immediately lowered to the benchmark normal 
eye pressure of 15.5 mmHg. There is some evidence, that a raised systolic blood 
pressure (BP) will cause an increase in the IOP, and that treatment with systemic anti­
hypertensives may also reduce IOP (Leske and Podgor, 1983; Klein et al, 1981; 
Wilson et al 1987). However, this increase is only small; a lOmmHg increase in 
systolic BP will cause on average, an increase of 0.24 mmHg, while a lOmmHg rise 
in diastolic BP can cause a 0.40 mmHg increase in IOP, which would probably not 
significantly contribute to the pathology of glaucoma (Bonomi et al, 2000).
Aging
Everyone over the age 60 has an increased risk for glaucoma. This age limit is 
decreased to 40 years in the black population (Wilson et al, 1987). Age is the key risk 
factor for the development of primary open angle glaucoma, along with elevated intra 
ocular pressure.
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Ethnicity
In a study funded by the National Eye Institute, researchers at the Johns Hopkins 
University reported that glaucoma is three to four times more likely to occur in Black 
people than in White people. In addition, glaucoma is six times more likely to cause 
blindness in Black people than in White people (Wilson et al, 1987).
Central Corneal Thickness
The National Eye Institute supported Ocular Hypertension treatment study has 
identified corneal thickness as a strong risk factor for developing glaucoma. Patients 
with corneal thickness of < 555 microns have a three fold greater risk of developing 
glaucoma, compared with those who have a cornea >588 microns thick (Brandt et al, 
2001; Dimasi, et al 2009). In another study funded by the National Eye Institute (The 
Advanced Glaucoma Intervention Study; AGIS), researchers found that black and 
white patients with advanced glaucoma respond differently to two surgical treatments 
for the disease. Black people (on average) have thinner corneas than white people (by 
about 23 microns) and they suggest that this may well be the factor that puts blacks at 
a higher risk for glaucoma progression.
Iridial Thickness
A recent study (Wang et al, 2009) found a correlation between the thickness of the iris, 
and the occurrence of angle closure glaucoma, where a thicker iris confers a greater 
risk of developing POAG.
Myopia
Myopic patients have a 2 to 3-fold increase in the risk of developing glaucoma 
compared with those who are not myopic. This association is weak for eyes with low
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myopia, but is stronger for eyes with moderate-to-high myopia (Perkins and Phelps, 
1982; Mitchell et al, 1999; Lee et al, 2008).
Diabetes
Numerous studies support a weak link between diabetes and glaucoma. This 
association is supported by the odds ratio (a number that shows the strength of 
association between two variables, which can vary from 0 to infinity). If the odds ratio 
is one or less, there is no association. If it is greater than 1, there is a link - the link is 
stronger with increasing number). For glaucoma and diabetes, there have been odds 
ratios in different studies ranging from 1.1 to 3.1 and so although it is linked; there is 
not a strong association (Ellis et al, 2000; Mitchell et al, 1997; Dielemans et al, 1995; 
Klein et al, 1994).
Family History
Glaucoma has a tendency to run in families. The Baltimore Eye Study found that the 
risk of developing glaucoma was approximately 3.7 fold higher for people that had a 
sibling with glaucoma. In another study (the Rotterdam Eye Study) it was found that 
the risk of having glaucoma was 9.2 fold for individuals who had a close relative with 
glaucoma (Wolfs et al, 1998; Tielsch et al, 1994; Okamoto et al, 2005).
Although it is clear that genetics plays an important role in POAG, specifics about the 
inheritance remain unclear. No single mode of inheritance can adequately describe 
glaucoma as a whole. Glaucoma development would seem to depend not on a single 
gene, but upon several genes and (in all probability on) some environmental factors 
too. There is however a minor percentage of glaucoma’s (3% of POAG cases) that are 
caused by a defect in a single gene. One such gene is the Myocilin (MYOC) gene.
This gene (also known as TIGR or GLC1 A) was at first identified (Stone et al; 1997)
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as a protein that was induced by glucocorticoid in cultured human trabecular 
meshwork cells. MYOC is responsible for the generation of autosomal dominant 
juvenile glaucoma and also for a subset of adult-onset POAG. Myocilin is a 
glycoprotein that is normally secreted from the trabecular meshwork cells into the 
aqueous humor. It has been shown that disease-causing mutations in the MYOC gene 
prevent myocilin from being secreted from trabecular meshwork cells, and mutant 
myocilin is not found to be present in the aqueous humor. These genetic forms of 
glaucoma are associated with high IOP and often require surgery to gain disease 
control (Allingham et al, 2009). Exactly what role myocilin plays in the development 
of GLC1A glaucoma (and in steroid-induced glaucoma) is as yet unknown.
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Table 1: Known POAG gene loci
CANDIDATE GENE POAG SUBTYPE LOCUS NAME LOCATION
MYOC JOAG/AO GLC1A Iq23-q24
AO GLC1B 2cen-ql3
EIOP 2pl2
JOAG/AO GLC1H 2pl6.3-pl5
AO GLC1L 3p22-p21
AO GLC1C 3q21-q24
WDR36 AO GLC1G 5q22.1
JOAG GLC1M Sq22.1-q32
AO GLC1F 7q35-q36
AO GLC1D 8q23
JOAG GLC1J 9q22
OPTN AO/NTG GLC1E 10pl3
AO GLC1I 15qll-ql3
JOAG GLC1N 15q22-q24
EIOP 19pl3.2
JOAG GLC1K 20pl2
Key: JOAG - Juvenile open angle glaucoma; AO - Adult onset glaucoma; EIOP - Elevated intra 
pressure; NTG - Normal tension glaucoma (adapted from Allingham et al, 2009).
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1.4.3 Classifications of Glaucoma
As described earlier, aqueous humor flows from the ciliary processes into the 
posterior chamber. It then flows through the pupil of the iris into the anterior chamber. 
From here the aqueous humor drains through the trabecular meshwork and Schlemm's 
canal into scleral plexuses and the general blood circulation. In a glaucomatous eye, 
there is some imbalance to this normal production, flow and outflow of aqueous 
humor.
There are numerous separate classifications of glaucoma (Foster et al, 2002) but 
almost all glaucomas can be broadly classified as either primary or secondary in 
origin. In primary glaucomas the elevated IOP is not associated with any other ocular 
disease, whereas secondary glaucomas are associated with other ocular (or non ocular) 
disease that alters aqeuous outflow, raising IOP as a result (Resnikoff et al, 2004). 
The major classifications and some of the of most commonly occuring forms of 
glaucoma are listed below.
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Primary Glaucomas
Primary Open-Angle Glaucoma
This is the most prevalent of all the glaucoma types and affects 1:200 of the adult 
population aged over 40 years. Also called chronic simple glaucoma (CSG) this 
disease can be characterised by the following conditions being present:
An IOP of >21 mmHg
An open angle that appears normal
Optic nerve head cupping
Visual field defects
Not all these conditions need to be present for the diagnosis to be made. The lack of 
other symptoms with this disease often means that significant damage (vision loss) 
will have already occurred by the time the individual becomes symptomatic. The 
increased IOP in this case is caused by an increased resistance to outflow within the 
trabecular meshwork. The aetiology of this increased resistance has yet to be fully 
understood.
POAG is inheritable, there is approximately a 10% risk that a sibling of an affected 
person will also be affected, and around a 4% chance that their children will be 
affected (Resnikoff et al, 2004).
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Normal or low Tension Glaucoma
People with this classification of glaucoma have IOP within the normal range and will 
(usually) have open chamber angles. This glaucoma has many features in common 
with POAG and although it occurs worldwide, it is particularly prevalent in Japan. In 
the United States, 15 - 25% of people with open angle glaucoma will have a normal 
IOP. It usually affects adults over 60 years old, and is more common in women than 
in men (Werner, 1996; Abedin et al, 1982).
Chronic Angle-Closure Glaucoma
The cause of this glaucoma type is the blockage (or covering) of the chamber angle 
and trabecular meshwork by the iris. This may occur intermittently, or persistantly but 
it occurs quite slowly and is usually asymptomatic because of this slow onset. If left 
unchecked this disease can progress to acute angle closure, and can cause vision loss 
in the same manner as POAG. This is uncommon in whites, and is more common in 
people of asian origin (Mapstone, 1977; Pitch, 1994; Sihota et al, 2004)
Acute Angle-Closure Glaucoma
Rapid angle closure results in a sudden rise in IOP and immediate treatment is 
required to avoid damage to the optic nerve and vision. This glaucoma is more 
prevalent than open angle glaucoma in Asia due to the narrower chamber angles in the 
asian / oriental race, but it accounts for less than 10% of all glaucomas in the united 
states. This form of glaucoma occurs in women three times more commonly than it 
does in men, there is an increasing risk with age (Epstein, 1997; Shields, 1998)
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Developmental Glaucomas
Primary Congenital Glaucoma
The aetiology of this is the improper development of the trabecular meshwork.
Present at birth, this condition is usually detected soon after, but may not be 
diagnosed until sometime later in infancy. Approximately 75% of all cases of primary 
congenital glaucoma occur bilaterally, and it occurs more frequently in boys than in 
girls (65:35%). This condition affects less than 0.05% of all ophthalmic patients in the 
United States (Gupta et al, 2007; Edward et al, 2008).
Infantile (Juvenile) Glaucoma
Juvenile glaucoma is a relatively rare; early-onset open-angle glaucoma (JOAG) that 
is most often found to be associated with strong myopia. There is a genetic disposition 
to this condition which shows an autosomal dominant transmission (Melamed and 
Ashkenazi, 1994; Wiggs et al, 1995).
Secondary Glaucomas
Pseudo-Exfoliation Glaucoma
Pseudo-exfoliation syndrome is a common ocular manifestation of a systemic disease, 
which is known to cause disease primarily in the eye. The exact aetiology of this 
condition remains unknown. The glaucoma that occurs with this syndrome is similar 
to POAG, but can be distinguished by the abnormal deposits of grunular material on
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the lens and throughout the anterior chamber as well as in the trabecular meshwork 
(Forsius, 1979; Roth and Epstein, 1980; Ritch, 1984).
Traumatic Glaucoma
Traumatic glaucoma refers to a group of post-traumatic ocular disorders (which may 
have different underlying mechanisms) that lead to the common outcome of elevated 
intraocular pressure (IOP) and increased risk of optic neuropathy and vision loss.
Angle-recession glaucoma is classified as a type of traumatic secondary open-angle 
glaucoma. This condition may be under diagnosed because the onset is often delayed; 
and because a history of eye injury may be some time previous. Angle recession, with 
or without glaucoma, is a common consequence of blunt ocular trauma (Shields,
1998).
Neovascular Glaucoma (NVG)
This form of glaucoma was first documented in 1871, historically this condition has 
been referred to as hemorrhagic glaucoma, thrombotic glaucoma, congestive 
glaucoma or diabetic hemorrhagic glaucoma. Regardless of the underlying condition, 
retinal ischemia followed by a subsequent release of angiogenesis factors, cause NVG. 
The angiogenesis factors cause new blood vessels to grow from pre-existing blood 
vessels. NVG can cause glaucoma via secondary open-angle or secondary closed- 
angle processes. The growth of a fibro-vascular layer over the trabecular meshwork in 
the chamber angle, results in obstruction and a rise in IOP. NVG is a particularly 
damaging glaucoma, and delayed diagnosis and treatment can result in complete loss 
of vision or loss of the entire eye (Epstein et al, 1997; Tripathi et al, 1998).
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1.4.4 Corticosteroid induced glaucoma
Steroid-induced glaucoma is a form of open-angle glaucoma that is usually associated 
with topical steroid use in the eye, but it can also develop with inhaled, oral, or 
intravenous steroid. Medications that are prescribed for a wide variety of non ocular 
conditions (e.g. depression, allergies, and neurological diseases) can produce pupillary 
dilation and so trigger an attack of acute angle-closure glaucoma in eyes that have narrow 
angles (Epstein, 1997; Rhee et al, 2006).
The normal population can be divided into 3 groups with respect to their response to 
(ocular) steroid treatment. Strong “steroid responders” will show a marked increase in 
IOP (>30 mmHg) after receiving a course of ocular steroid. “Moderate responders” 
will show an increase of between 22 - 30 mmHg, and poor or “weak responders” will 
show little or no response. Steroid-induced IOP elevation generally occurs within a 
few weeks of starting steroid treatment. In most cases, the IOP lowers spontaneously 
to the baseline within a few weeks (or months) upon stopping the steroid (Becker, 
1965; Armaly, 1965; Clark et al, 1995). Some factors that may put an individual at 
increased risk for developing an increased IOP after taking steroid include pre­
existing primary open-angle glaucoma, strong myopia, diabetes mellitus, and history 
of connective tissue disease (especially rheumatoid arthritis) and a family history of 
glaucoma (Doughty, 2001). It has been suggested that there is a link between the 
genes that determine whether or not a person will develop POAG and those that 
determine the response to steroid. People with a severe myopia and diabetics both
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Table 2: Similarities in the features of POAG and steroid induced glaucoma.
SIMILARITIES BETWEEN POAG AND STEROID INDUCED GLAUCOMA
DISEASE POAG STEROID INDUCED GLAUCOMA
OPEN ANGLE YES YES
ELEVATED OUTFLOW
RESISTANCE
YES YES
REVERSIBL1TY OF IOP
INCREASE
POSSIBLE YES
GENETIC COMPONENT YES YES
OPTIC NERVE HEAD DAMAGE YES YES
INCREASED ECM YES YES
ALTERED TM MORPHOLOGY YES YES
Table demonstrating that there are many similarities between primary open angle
glaucoma and steroid induced glaucoma. Steroid induced IOP rise is (usually) quickly 
reversible upon withdrawal of the stimulus. POAG is treatable but not always so 
easily and withdrawal of medication would likely lead to the IOP rise recurring.
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It is known that glucocorticoid can induce the MYOC gene selectively in TM cells, 
and in addition a number of other genes are also upregulated including a serine 
protease inhibitor (alpha 1-antichymotrypsin), a neuro-protective factor (pigment 
epithelium-derived factor) an anti-angiogenesis factor (cornea-derived transcript 6) 
and a prostaglandin synthase (prostaglandin D(2) synthase) (Lo et al, 2003).
1.4.5 Glucocorticoids 
Background and Synthesis
Glucocorticoids (GC) are a class of steroid hormones. They are similar to the sex 
steroids and the mineralocorticoids but can be identified by their ability to bind to the 
glucocorticoid receptor (GR).
In vivo, GCs are synthesized by the adrenal cortical cells (within the adrenal cortex) 
of the adrenal glands. These cells contain large lipid droplets that are comprised of 
cholesterol and other steroid hormone precursor molecules necessary for 
steroidogenesis. The GCs produced by adrenal cortical cells are synthesized from 
cholesterol by specific enzyme catalysed reactions that involve the shuttling of 
precursor molecules between the endoplasmic reticulum and the mitochondria. 
Specifically, GCs are synthesized from progesterone by stepwise hydroxylation of 
Cl 7, C-21 and C-ll (Stryer, 1995). All steroid hormones once synthesized are 
secreted directly from the cell. There is little or no storage of GCs therefore continued 
synthesis and secretion is necessary to maintain normal plasma levels.
In humans, the predominant GC is Cortisol (Fig 5). Cortisol is secreted basally but its 
plasma concentration fluctuates diumally in response to light levels detected by the
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Figure 5: Comparison of the Molecular Structures of Cortisol and
Dexamethasone
ch2oh
Dexamethasone 
MW 392.5
CH2OH
Cortisol
MW362.5
The synthetic steroid Dexamethasone is very similar to Cortisol, but it has three 
differences; an additional double bond in the “A” ring, an additional 9-alpha-fluoro group 
and 16-alpha-methyl group.
These changes make Dexamethasone far more potent than Cortisol, and it has a greater 
binding efficiency for the glucocorticoid receptor than Cortisol (its binding efficiency is 
25 - 80 times that of Cortisol (Liapi and Chrousos 1992).
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suprachiasmatic nuclei in hypothalamus via the retina. It is also released during the 
stress response when its function is to modulate stress and return homeostasis.
Deposition and Metabolism
Following its release into the blood stream Cortisol is bound mostly to plasma 
albumin. Cortisol is lipophillic and diffuses directly across the plasma membrane into 
the cell where it binds to the ligand binding site on the cytosolic Glucocorticoid 
receptor (GR). Coded for on chromosome 5 (5q 31) and found in almost every cell in 
the body, the GR is a ligand activated receptor which is normally held inactive by the 
association of several proteins including Hsp (heat shock protein) 70, Hsp 90 and the 
protein FKBP52. Upon binding GC, there is a conformational change in the receptor 
which unmasks proteins that causes one of two reactions to occur. It will either 
trunslocate to the nucleus of the cell where the active GR will bind to a glucocorticoid 
response element (GRE) located in the promoter region of numerous genes, or it will 
remain in the cytoplasm where it can complex with other transcription factors such as 
NF-kB and AP-1 (which are themselves able to transactivate numerous genes) 
preventing them from activating their target genes by transrepression. The effects of 
GC binding to the GRE are many, however one of the major effects of GC's is their 
potent immuno-suppressive and anti inflammatory actions. GC's can inhibit both cell 
mediated and humoral immunity (Zurier et al 1973) by suppressing genes that code 
for cytokines such as the interleukins (particularly IL2) and interferon’s. GC's also 
reduce macrophage sensitivity to lymphokines, retard epithelial growth and decrease 
post inflammatory neovascularization and reduce the permeability of inflamed 
capillaries. The effect of each particular GC is determined by its potency. The most 
potent synthetic GC is Dex, which has at least 20 fold the potency of hydrocortisone.
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Figure 6: Glucocorticoid and Glucocorticoid Receptor
A Glucocorticoid
(Cortisol or Dexamethasone etc)
[a] Glucocorticoid Receptor
(U
U>------- 1
LWW^
Glucocorticois f Receptor Complex 
Glucocorticoid Response Element (GRE) 
Glucocorticoid Sensitive Gene
Diagrammatic illustration of the movement of glucocorticoid (GC) the blood stream 
to the target gene GRE. GC passes through the cell membrane by diffusion. Once 
inside the cytosolic it encounters a GC-receptor to which it binds. The binding causes 
a conformational change in the shape of the receptor which then unmasks motifs that 
cause it to be translocated to the nucleus. The glucocorticoid binds glucocorticoid 
response elements which are present in many genes (hence the wide ranging effects of 
glucocorticoids. The glucocorticoid receptor is recycled and used again. Research has 
shown that the GC-receptor complex is active within minutes of GC administration) 
(Croxtall et al, 2000).
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and approximately 5 to 7 fold more potency than prednisolone (Kersey and Broadway 
2006).
Dexamethasone (C22H28FO5)
Synthetic GC's have were first synthesized in the 1950's. There is now at least 50 in 
common use. They have a number of uses including medical diagnosis of e.g. 
Cushing’s disease (via the Dexamethasone suppression test) medical treatments 
(replacement of endogenous GC following adrenalectomy (Thompson 2007), 
treatment of autoimmune diseases e.g. SLE, allergic disease e.g. dermatitis, asthma, 
eczema and in inflammatory diseases such as arthritis. They are also used post 
transplant to try to prevent organ / tissue rejection.
One of the most potent synthetic GC's in common use is dexamethasone (Dex) (Fig. 
5). It is used in at least 120 preparations (http://www.drugbank.ca) for treating a wide 
range of diseases including inflammatory diseases (e.g. rheumatoid arthritis), 
endocrine diseases (e.g. Cushing’s syndrome), it is also used as an adjunct therapy in 
the treatments of cancer and during surgery such as wisdom teeth extraction, and 
during premature births where it aids maturation of the foetus’s lungs. It is also used 
to prevent the onset and counteract the cerebral oedema that occurs with altitude 
sickness (www.nhs.co.uk).
An oral dose of dexamethasone is around 90% absorbed and peak plasma 
concentrations are reached between 1 to 2 hours later. Approximately 70% of 
circulating dexamethasone is bound to plasma protein, mostly albumin. This figure 
remains unchanged even if the dose of dexamethasone is increased. The plasma half 
life of dexamethasone has been shown to be 3.6 ± 0.9 hours. Following an oral dose, 
tissue distribution studies in animals have shown a high uptake of dexamethasone by
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the liver, kidneys and adrenal glands. In man over 60% of circulating steroid are 
excreted in mine within 24 hours, largely as miconjugated steroid.
Ophthalmologic uses of Dexamethasone
In the eye dexamethasone is usually given to reduce redness, inflammation and 
swelling. The most commonly used method of administration is eye drops, and it has 
been shown that steroid is measurable in the aqueous humor 15-30 minutes 
following the application of a single drop to the cornea (Watson et al, 1988).
Local administration to the eye is preferable to systemic routes due to lessened side 
effects. Additionally an oral dose of approximately 500mg would be required to reach 
an aqueous humor concentration equivalent to that achieved with one drop of Dex 
administered to the eye itself (Irving et al, 1960).
When applied topically to the eye, dexamethasone is absorbed into the cornea, 
aqueous, iris, choroid, ciliary body and retina. The glucocorticoid receptor (GR) is 
expressed in the trabecular meshwork, and here glucocorticoid (GC) binding 
(especially dexamethasone) inhibits phospholipase A2, which in turn prevents the 
generation of molecules that mediate inflammation such as prostaglandins.
There are a number of side effects associated with prolonged dexamethasone use in 
the eye including corneal thinning which may lead to a possible perforation, sub 
capsular cataracts, optic nerve head damage and visual field disturbances. 
Approximately one third of the general population are steroid responders, and these 
people will have a marked increase in the intraocular pressure (IOP) following 
exposure to dexamethasone. The risk of increased IOP is more marked in people who 
take anticholinergenics in addition to dexamethasone, especially atropine and in those
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people who are predisposed to acute angle closure. The efficacy of dexamethasone is 
reduced by phenytoin, phenobarbitone, ephedrine and rifampicin.
1.4.6 Pharmacological Treatments for Glaucoma
Glaucoma treatment is designed to reduce the intraocular pressure (IOP) by reducing 
the production, or increasing the outflow of aqueous humor. Depending on the type of 
glaucoma, medications, surgery or a combination of both are used. Intraocular 
pressure can usually be lowered using different medications in eye drop, oral, or 
injectable forms (at least in the early stages of the disease).
Prostanoids (Latanoprost, bimatoprost, travoprost and unoprostone)
It is generally accepted that these medicines lower IOP by increasing outflow through 
the unconventional pathway (Bito, 1997) although there are some studies which 
suggest that outflow via the conventional pathway is also increased (Ziai et al, 1993; 
Brubaker et al, 2001). In either situation, aqueous inflow is not affected (Linden and 
Aim, 1999). Other studies have found that prostaglandins have a direct effect on 
specific ciliary muscle prostanoid receptors. The prostanoid receptors are not only in 
the ciliary muscle, but are widely distributed in the eye (which explains why 
prostaglandins have numerous effects within the eye). Activation of these receptors 
stimulates several linked responses, including cAMP formation; and the induction of 
c-Fos and c-Jun (Schachtschabel et al, 2000). These signals lead to increased 
biosynthesis of matrix metalloproteinases, which are a family of neutral proteinases 
that can cleave proteinaceous extracellular matrix molecules. These matrix 
metalloproteinases can initiate the alteration of collagen in the ciliary muscle, causing
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an increase in the spaces along the ciliary muscle fibres, which in turn reduces the 
hydraulic resistance within the uveoscleral outflow (unconventional) pathway 
(Schachtschabel et al, 2000).
Miotics (Pilocarpine and Carbachol)
These drugs work by either direct or indirect mechanisms. Direct acting agents 
stimulate the parasympathetic muscarinic receptors, resulting in contraction of the 
longitudinal muscle of the ciliary body (which are attached to the scleral spur) causing 
them to pull on the trabecular meshwork; opening the pores and increasing aqueous 
outflow. Indirect agents work by inactivating acetylcholinesterases. Some agents may 
bind reversibly, others bind permanently. The result of inactivating this enzyme is an 
increased concentration of acetylcholine available to bind the muscarinic receptors, 
which again results in the contraction of the longitudinal muscles of the ciliary body 
and increased trabecular outflow facility (Grierson et al, 1979; Zimmerman and 
Kooner, 2001).
Adrenergics (Apraclonidine, brimonidine, dipivefrin)
Adrenergics include the non-selective alpha-1 and alpha-2 adrenergic medicines 
(adrenalin and dipivefrin) and the selective alpha-2 adrenergic medicines 
(apraclonidine and brimonidine).
Adrenalin (and noradrenalin) as a non-selective agent will bind to both classes of 
alpha and beta adrenergic receptors in the ciliary body. Upon binding to beta receptors, 
this agent will induce an increase in aqueous flow. This counterintuitive effect 
however is counteracted by the main activity of this agent on the alpha-2 receptors in 
the ciliary boy, which cause vasoconstriction and a decrease in aqueous production.
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Additionally, adrenalin has been shown to act on beta-2 receptors in the trabecular 
meshwork and in the uveoscleral pathway where it increases outflow facility by 
increasing cAMP (Boger, 1983). The selective agent brimonidine has two 
mechanisms of action. It both decreases aqueous humor production, and increases 
outflow via the uveoscleral route (Gupta, 2004).
Beta-Blockers
Beta adrenoreceptors have been categorised into three subclasses (beta-1, beta-2 and 
beta-3). The beta-1 receptor is located primarily in the heart. Stimulation of this 
receptor increases heart rate, cardiac contractility and atrioventricular conduction. The 
beta-2 receptor is found primarily in the bronchial muscle, blood vessels and in the 
uterus. Agents (antagonists) that block these receptors have the opposite effect. The 
beta-3 receptor is involved in the mediation of lipolysis. Different beta blockers have 
different affinities for the different receptors. Levobetaxol has a high affinity for the 
beta-1 adrenoreceptor, while Levobunolol has a higher affinity for the beta-2 
adrenoreceptor (Phan et al, 1991; Sharif and Xu, 2004).
The beta-blocker class of drugs are antagonists and act as competitive inhibitors at the 
beta-adrenoreceptor site. They are classified as selective or non-selective, based on 
their affinity to the beta-1 and beta-2 receptors. Selective antagonists inhibit only one 
receptor, while non-selective antagonists inhibit both beta-1 and beta-2 receptors 
(Zimmerman, 1993).
Ocular beta-blockers decrease IOP by decreasing the formation of aqueous humor. 
These medicines are able to decrease aqueous formation by up to 50% (Yablonski et 
al, 1978; Neufeld et al, 1983; Gaul et al, 1983).
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Despite the prolonged use of these medicines, the exact mechanism of action that 
results in a lowering of the IOP has yet to be fully elucidated.
Normally, when a beta-adrenergic agonist binds to its receptor, this will result in the 
activation of a regulatory G protein. This stimulates membrane bound adenyl cyclase 
catalysing the conversion of ATP to cAMP. In this model for the mechanism of 
actions of ocular beta-blockers, intracellular cAMP acts as a second messenger that 
ultimately stimulates production of aqueous humor from the ciliary processes.
It has been demonstrated that Timolol and other beta-blockers can inhibit cAMP 
production in the ciliary body. However, a direct relationship between the inhibition 
of cAMP and a decrease in IOP is not supported in all studies. One study in particular 
found no correlation between a reduction in cAMP and a reduction in IOP (Schmitt et 
al, 1981; Caproli et al, 1984). These observations in the ciliary body suggest that the 
IOP lowering effect of ocular beta-blockers may not be mediated directly through the 
competitive inhibition of receptors.
An alternative mechanism suggested by Polansky et al, 1992; is that there is 
endogenous adrenergic tone controlling tonic stimulation to produce aqueous. They 
suggest that beta-blockers exert their effect by interfering with this tonic stimulation.
Carbonic Anhydrase Inhibitors (Acetazolamide brinzolamide dorzo)amide 
methazolamide)
This class of medicines may be given orally or topically. They affect a decrease in 
IOP by inhibiting aqueous production. They achieve this action by non-competitive, 
reversible binding to the carbonic anhydrase enzyme. The inhibition of this enzyme 
results in a reduced flow of sodium and fluid into the posterior chamber, from the 
ciliary processes. This process is highly dependant on the transport of sodium by the
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Na+-K+-ATPase which in turn is dependant on the formation of bicarbonate. 
Carbonic anhydrase is responsible for much of the bicarbonate production, and so by 
inhibiting this, it is possible to reduce the rate of aqueous humor production (Gupta, 
2004).
Hyperosmotics (Mannitol glycerin isosorbide)
Hyperosmotics are used in the treatment of acute angle-closure glaucoma. The effects 
last only 6-8 hours, so they are not for long-term use. They are commonly used as an 
emergency treatment for (e.g.) angle closure glaucoma, prior to surgery, and with 
other acute IOP elevations. These drugs are (often) sugar-based medications or other 
compounds which when given intravenously, or orally result in an increase in plasma 
osmolality, which has the effect of drawing water from the eye (especially the 
vitreous) into the plasma, thereby lowering the IOP (Zimmerman and Kooner, 2001).
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1.5 The Cytoskeleton
1.5.1 An Overview of the structural elements of the cytoskeleton
The cytoskeleton is a complex network of numerous interconnected protein filaments 
that extend throughout the cell and together form a supporting scaffold-like structure 
that extends from just below the surface of the plasma membrane to the nucleus in all 
eukaryotic cells.
The three major components of the cytoskeleton are microtubules, microfilaments and 
intermediate filaments which are held together by a number of accessory proteins.
Each of these major components has a distinct size, structure and distribution pattern 
within the cell and they are all formed by the polymerisation of different protein 
monomers. These three filaments are widely conserved proteins but are unique to 
eukaryotic cells, no such structures are found in prokaryotic cells. The absence of 
these structures may suggest that the cytoskeleton played a crucial role in the 
evolution of eukaryotic cells (Becker and Deamer 1991).
The major role of the cytoskeleton is to support the plasma membrane thereby 
maintaining the correct cell shape. This in turn allows for the proper organisation of 
intracellular organelles, intracellular trunsport, and other key cell functions such as 
motility (Lazarides and Revel 1979) and division (Fletcher and Mullins, 2010).
Microtubules
The microtubules are the largest of the cytoskeleton components with a diameter of 
approximately 25 nm. They can be broadly classified into two groups which differ in 
their degree of structural stability. One group is highly organised and stable and form 
structures associated with movement such as cilia (the axonemal microtubules). The
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other group is composed of a less organised, more dynamic structure found in the 
cytoplasm and can be termed cytoplasmic microtubules (Brinkley 1985, Allen 1987). 
Microtubules radiate outwards from a microtubule organising centre near the nucleus 
and extend in a lace-like pattern throughout the cell. Examples of these organising 
centres are the centrosomes and the poles of the mitotic spindle (Brinkley 1985).
The cytoplasmic microtubules perform a variety of functions within the cell. They 
maintain cell structure and shape; they confer polarity and determine the distribution 
of the other key cytoskeleton components such as the endoplasmic reticulum and the 
Golgi apparatus (Chretien et al, 1995). Although all the components of the 
cytoskeleton have some role in maintaining cell architecture, microtubules appear to 
be of the greatest importance in this regard. Their radiating network of fibres from the 
nucleus guide vesicles and other organelles within and throughout the cytoplasm 
towards the plasma membrane (Lazarides 1980) (Fig 7).
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Figure 7: Components of the Cytoskeleton
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Diagrammatic representation of the constituent parts of the cytoskeleton. The 
insoluble polymers of all three components are composed of many smaller sub-units 
which assemble and disassemble constantly according to need at the time. 
Dexamethasone causes a shift in the equilibrium of the actin pool causing an increase 
in the G to F actin ratio i.e. it increases the amount of F actin with out increasing the 
over all actin content of the cell by increasing polymerization and decreasing de- 
polymerization (Koukouritaki et al, 1996),
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Structure
The microtubules are straight, hollow cylindrical tubes with an overall diameter of 
25nm and an inner lumen diameter of approximately 15nm (Chretien et al, 1995). The 
length of these tubules can vary greatly from 200nm up to 25pm in some nerve cell 
axons. The microtubule is composed of longitudinal arrays of protofilaments arranged 
side by side around the hollow central lumen. Each protofilaments is a linear polymer 
of tubulin molecules. Tubulin is a dimeric protein composed of two similar but 
separate subunits called a and p tubulin which are linked together covalently. Each of 
these peptides has a diameter of 5nm and a molecular weight of about 50,000 (Wade 
and Hyman 1997; Downing and Nogales 1998). Bound to the ap dimer are two 
molecules of GTP. These high energy molecules are not necessary for the 
polymerisation of these monomers into the microtubule polymer as polymerisation 
can occur even if the GTP is replaced by a nonhydrolysable analogue. The Hydrolysis 
of GTP appears to change the affinity of the microtubule end for incoming dimers and 
may play a role in polarity during formation.
All of the tubulin dimers within a protofilaments are orientated in the same direction, 
meaning that all the a subunits face one direction while all the p subunits face the 
other. This orientation of the dimers confers a polarity to the microtubule which has 
important implications for the formation of the microtubules within a cell. One end 
(the plus end) of the growing microtubule will grow faster than the other (the minus 
end) (Kozielski et al 1999). The plus end is orientated away from the nucleus ensuring 
that microtubule growth occurs in an outward direction.
Polymerisation
Microtubules form via the reversible polymerisation of tubulin dimers. The a and P 
subunits are synthesised separately which then associate to form the dimeric tubulin
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molecules. As the dimers polymerise they form rings as an intermediate step before 
uncoiling to form the protofilaments which associate side by side into sheets. As the 
sheet grows to contain 13 protofilaments it folds over to form the cylindrical shape of 
a recognisable microtubule (Chretien et al. 1995). The microtubule then elongates as 
required by the addition of dimers.
Intermediate Filaments
Intermediate filaments range in diameter from 8-12 nm. Most studies into these cells 
have been done in various animal cells where these filaments occur singly or in 
bundles playing a structural or tension bearing role in regions of the cell that are 
subjected to mechanical stress (Lazarides 1980). These cytoskeletal components may 
be important in maintaining the position of the nucleus by forming a ring around the 
perimeter that extends both into the cytoplasm and into the nuclear pores, where it 
may connect to the nuclear lamina filaments which are similar in function to the 
cytoplasmic intermediate filaments. The intermediate filaments are the least soluble 
and most stable of the three major cytoskeletal components and because of this it has 
been suggested that the intermediate filaments serve as a scaffold for the entire 
cytoskeleton.
The intermediate filaments differ in composition from tissue to tissue, according to 
the cell type in which they are found (Table 3) (Lazarides 1980).
As all intermediate filaments are products of related genes, they all share some 
common features even if they do differ considerably in their size and chemical 
properties (Parry and Steinert 1999). Intermediate filaments are fibrous, unlike the 
other two cytoskeletal components which are globular. They all contain a central rod­
like domain which is between 310 and 315 amino acids in length. This central region
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consists of four separate coiled helices interspersed by three short linking regions. On 
either side of the central domain lay the N and C-terminal domains that can differ in 
size and function - it is these that give the intermediate filaments their functional 
diversity (Steinert et al, 1985; Steinert and Roop 1988).
The basic structural component of the intermediate filament is the protofilaments. 
These are formed by the lateral alignment of two dimers which forms a tetrameric 
protofilament. These protofilaments then associate by overlapping end to end to form 
a filamentous structure. When fully assembled the intermediate filament is described 
as being 8 protofilaments thick (Steinert, Jones et al. 1984) (Fig 7).
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Table 3: Major Types of Intermediate Filaments and their component proteins
Tissue IF Protein Molecular weight K
Epithelial Keratin acidic / basic 44-60/50- 70
Mesenchymal Vimentin 53
Muscle Desmin 52
Glial GFAP (Glial Fibrillary Acidic Protein) 51
Neuronal NF Protein (neurofilament) 60/100/130
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Microfilaments
The third class of cytoskeletal components are the actin microfilaments. These 
filaments were studied intensively during this work and so will be described in much 
greater detail in the next section.
1.5.2 Actin
Microfilaments are the smallest of the cytoskeletal filaments with a diameter of 
around 7nm. Microfilaments are commonly thought of as being associated with 
contraction in muscle cells, however microfilaments occur in almost all other 
eukaryotic cells and are also involved in cell movement (amoeboid movement, 
locomotion in cultured cells and cytoplasmic streaming), the maintenance of cell 
architecture and structure, and in processes such as the formation of cleavage furrows 
that divide the cytoplasm during mitosis (Becker and Deamer 1991).
Most animal cells have a network of microfilaments and associated proteins just 
below the surface of the cell membrane which is properly called the cell cortex. This 
cortex confers structural rigidity to the cell surface and is also involved in other 
processes such as shape change and cell movement.
Structure
The microfilaments are polymers of a protein called actin. Actin is a ubiquitous 
protein found in nearly all eukaryotic cells including those of plants, algae and fungi. 
It is the single most abundant protein in most cells and can comprise more than 5 - 
10% of total cellular protein (Becker and Deamer 1991).
Actin is synthesised as a monomer called globular (G) actin. G actin is a single 
polypeptide chain containing 375 amino acids and has a molecular weight of 42KDa.
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Each molecule of G actin has a molecule of ATP or ADP bound to it non-covalently, 
between the two domains in the folded G actin monomer.
G actin monomers can polymerise reversibly to form a long strand of filamentous (F) 
actin, once the concentration of G actin reaches a critical concentration. This 
concentration value for the polymerisation of F actin from G-ATP actin is 20 fold 
lower than for G-ADP actin.
During polymerisation, each new monomer is attached to the next with a rotation of 
166 degrees and each G actin monomer is in contact with four other monomers in the 
strand. This gives the appearance of an intertwined double stranded filament although 
it is in fact only a single stranded coiled structure.
Stress fibres
The stress fibres are composed of bundles of between 10-30 F actin filaments (Cramer 
et al, 1997). These bundles are held together by the actin cross-linking protein alpha(a) 
actinin (Lazarides and Burridge, 1975). Other actin cross-linking proteins such as 
filamin and fascin have also been detected in these fibres (Adams, 1995; Chen et al, 
1999). Alpha-actinin is located irregularly along the fibre length and alternates with 
bands containing non-muscle myosin (Weber and Groeschel- Stewart, 1974) and 
tropomyosin (Lazarides, 1975). The bands of a-actinin in stress fibres can be seen as 
electron-dense striations (Langanger et al, 1984; Langanger et al, 1986). Actin 
filaments have inherent polarity, each having a plus (or barbed) end and a minus (or 
pointed) end.
Analysis of the polarity of actin filaments in stress fibres has shown that the 
sarcomeric model (which is based on the contraction apparatus in skeletal muscle 
cells) does not really explain the complexity of contraction in these structures
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satisfactorily. In a muscle sarcomere, each block of actin filaments must have the 
opposite polarity to its preceding block to allow sliding contraction to occur. The 
myosin motors move towards the barbed ends of the actin filaments and the gap 
between each block of actin filaments decreases.
Analysis of non-muscle cells has shown that actin filaments in many stress fibres 
show an alternating polarity while in other stress fibres, actin filament polarity is 
uniform. In yet other stress fibres the actin filaments in a bundle can show an 
apparently rundom orientation (Cramer et al, 1997),
In motile cells, the majority of stress fibres show a single overall polarity, meaning 
that at the end of each filament, the polarity is uniform with all barbed ends pointing 
outwards. However, the distribution of filament polarities may be varied at the centre 
of the fibre (Cramer et al, 1997) (Fig 7).
1.5.3 Actin in the cells of the outflow system
The actinomyosin system is composed of actin microfilaments and numerous 
microfilament associated proteins. It is a feature of almost all cells, and is particularly 
important in the trabecular meshwork cells of the outflow system. There are many 
microfilament based structures throughout the cells of the trabecular meshwork. 
These include focal adhesions, cell-cell junctions, and stress fibres (Geiger et al. 
1995). Filamentous actin is the major component of microfilaments, but other actin- 
associated proteins modulate its organization. The microfilaments are involved in a 
range of cellular processes from cell adhesion and motility to organelle traffic and 
adhesion-mediated signal transduction. The dynamics of the actinomyosin system 
therefore plays an important role in maintaining the cell shape, cell volume, cell 
contractility, and in the adhesion between neighbouring trabecular cells and between
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these cells and the extra-cellular matrix. Changes in the trabecular meshwork cell 
microfilaments can affect the trabecular meshwork outflow resistance by altering (e.g.) 
the dimensions and / or the direction of the outflow pathways. Such changes can be 
modulated directly by cytoskeletal disrupting agents such as Latrunculin A (Epstein et 
al 1999) or indirectly by the inhibition of specific proteins or cellular contractility via 
administration of protein kinase inhibitors such as the serine-threonine kinase 
inhibitor H-7 (Bershadsky et al, 1996). It has been reported that H-7 when 
administered intracamerally or topically to living monkey eyes, doubles the normal 
aqueous outflow facility and decreases the intra ocular pressure (Tian et al. 1998, 
2004). Morphological studies in live monkey eyes indicated that the H-7 induced 
increase in aqueous outflow facility is associated with cellular relaxation and with 
drainage surface expansion in the trabecular meshwork and within Schlemm’s canal, 
and is also accompanied by loss of extra cellular matrix (Sabanay et al, 2000,2004). 
The Rho kinase inhibitor Y-27632 causes reversible changes in cell shape and a 
decrease in the number of actin stress fibres seen, as well as a decrease in the number 
of focal adhesions, in human trabecular meshwork cells (Rao et al, 2001). In isolated 
bovine meshwork strips, Y-27632 completely blocks calcium-independent phorbol 
myristate acetate or endothelin-1-induced contraction (Thieme et al. 2000; Renieri et 
al. 2008). Rho kinase inhibitors, such as Y27632, Y-39983, HA-1077, H-1152 and 
INS 117548, increase outflow facility and often decrease IOP in living rabbit eyes, 
enucleated porcine eyes and in living monkeys in a manner that is similar to that seen 
with H-7 (Honjo et al, 2001a, 2001b; Rao et al. 2008).
Additionally, trabecular meshwork cells are contractile - this contraction is associated 
with increased aqueous drainage while the converse is also true (Weiderholt et al, 
1994).
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All these results show that chemical or drug induced alterations of the actin in the 
trabecular meshwork cells of the outflow system can cause changes in outflow facility 
and intra ocular pressure, and outlines the importance of the actin cytoskeleton in the 
proper maintenance of eye physiology.
1.5.4 Cross-Linked Actin Networks (CLANs)
As stated above, there are normally two common patterns of F-actin seen within cells; 
either there is a diffuse arrangement of F-actin or there are stress fibres. A far less 
common actin arrangement is a dome-like configuration of F actin comprised of 
polygonal units which inter-connect to form a network (Lazarides, 1975; Gordon and 
Bushnell, 1979; Ireland and Voon, 1981). These polygons form very early culture in a 
variety of cell types and seem to be transient structures that are no longer present to 
any great extent when the cultured cells become well established (Lazarides, 1976). 
The functional significance of the polygonal networks, or for that matter their 
mechanism of formation, remains obscure. Atomic force measurements indicate that 
these structures impart increased rigidity to the cell (Meller and Theiss, 2006) and 
there have also been suggestions that such a geodesic arrangement made up of 
polygonal networks of actin may impart structural stability in line with “tensegrity” 
theory (Ingber, 1998).
Other polygonal actin structures are induced in confluent, cultured human TM cells 
following exposure to glucocorticoids, the most effective of which is dexamethasone 
(Clark et al, 1994). Clark called these structures cross-linked actin networks (or 
CLANs) and noted that these structures formed in confluent TM cultures. Unlike the 
previously mentioned polygonal networks, these structures seemed to be reasonably 
persistent; and were specific to TM cells as CLANs were not induced in a range of
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other ocular cell types following exposure to dexamethasone (Clark et al, 1994). 
CLANs were also abundant in the TM cells ex vivo outflow tissue perfused with 
dexamethasone, and these tissue-associated structures were found to be identical to 
the cell culture equivalent (Clark et al, 2005). The suggestion that geodesic cross- 
linking arrangements may make the TM cells (and therefore the tissue) “stiffer” (or at 
least, less elastic) and therefore more resistant to aqueous outflow is a credible 
hypothesis (Tan et al, 2006) for future evaluation.
Apart from reorganising the cytoskeleton within some TM cells, glucocorticoids have 
affects on many other TM cell activities (Wordinger and Clark, 1999) that include 
extracellular matrix production (Wilson et al, 1993) and matrix metalloprotease 
activity (Snyder et al, 1993). In addition, some biological mechanisms of 
glucocorticoid modulation of TM cell function are probably actin associated; 
including functional effects on DNA endoreplication (Tripathi et al, 1989), inhibition 
of cell proliferation (Clark and Wordinger, 2009), inhibition of cell migration (Clark 
et al, 1994), alteration of TM cell volume (Clark et al, 1994) and a reduction in 
phagocytic ability (Matsumoto and Johnson, 1997). It has been established that a 
proportion of patients on corticosteroid treatment are at risk of developing a form of 
glaucoma called corticosteroid glaucoma (refer to chapter 1.3.3) that has many 
features in common with primary open angle glaucoma (Goldmann, 1962; Spaeth et 
al, 1977).
CLANs are not just associated with glucocorticoid exposure. They appear to be 
abundant in TM cultures derived from donor patients that had POAG (Clark et al, 
1995a). CLAN-like structures have been observed in the (JCT) tissues of the 
glaucomatous outflow system (Read et al, 2006), and abundant CLANs were 
observed in the TM of both POAG patients and elderly human eyes (Hoare et al,
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2009). It remains to be determined whether or not CLANs have a central role in key 
architectural and functional events in the TM tissue that are associated with diseases 
like POAG. Little is known about the nature, formation, associations and functions of 
these distinctive F-actin arrangements.
To date virtually all attempts to identify and study CLANs have been restricted to 
human cells in vitro and ex vivo (Clark et al, 1994; Clark et al, 1995b; Clark et al, 
2005; Read et al, 2006; Filla et al, 2006). Given the low availability of human tissue 
for use in research, it was thought desirable to determine if the cells and trabecular 
meshwork tissue of another species was suitable for the furtherance of CLAN and 
glucocorticoid research.
My Supervisor (Prof. Ian Grierson) has a long history of the use of bovine eyes and 
tissues, and so it was he whom suggested that we first examine CLAN formation in 
this species. The rationale for this, apart for a sound familiarity, was that the bovine 
eyes are readily obtainable in large quantities. The eyes themselves are large 
(compared to human eyes) and the dissection and removal of the meshwork is easier 
to accomplish, even without a dissecting microscope. Additionally, the bovine 
meshwork cells are hardy cells and are relatively easy to grow up from primary 
cultures. It was decided that other species would be examined if we were unsuccessful 
in generating CLANs in bovine cells. The rabbit (Knepper et al, 1985) pig 
(McMenamin and Steptoe, 1991) and rat (McMenamin and al-Shakarchi, 1989) 
outflow systems have been thoroughly researched previously and rabbits are thought 
to respond to dexamethasone treatment with elevated IOP, the same has recently been 
shown to be the same in sheep treated with dexamethasone (Gerometta et al, 2010).
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Figure 8: Examples of CLANs in dexamethasone treated bovine meshwork
cells
Bovine meshwork cells treated with dexamethasone for 72 hours (phalloidin / actin 
image). The central cell contains a large (double) starburst-like CLAN. In addition 
this cell also contains numerous stress fibres, and is well spread. The cell toward the 
bottom right of the image contains “speckling” which is atypical for these cells unless 
they have been treated with dexamethasone.
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Figure 9: Examples of CLANs in dexamethasone treated bovine meshwork
cells
Bovine meshwork cell treated with dexamethasone for 72 hours. This image shows 
the abundant stress fibres present in these cells, additionally there is a CLAN area at 
the top of the image / cell, which contains a highly geodesic structure that spreads out 
into a basket-like CLAN arrangement toward the edge of the cell.
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Figure 10: Examples of CLANs in dexamethasone treated bovine meshwork 
cells
Bovine meshwork cells treated with dexamethasone for 72 hours. This cell contains a 
very large (in excess of 40 “hubs”) basket-like CLAN arrangement. Of interest in this 
image is the various sizes of the hubs which range from very visible (centre of image) 
to very fine (lower left of image above the scale bar). The cell with the large CLAN in 
it shows little in the way of stress fibres, unlike some of the other cells around it.
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1.5.5 Actin Associated Proteins
There are many families of proteins which can specifically bind to, and cause changes 
in / effect, the actin component of the cytoskeleton. Some of these must be important 
in the formation of CLANs, but as yet, this area of research remains unexplored. 
There are several families of proteins which can be classified as follows:
According to affinity for specific filaments
Actin-associated (e.g. myosin)
Microtubule-associated (e.g. Tau protein)
Intermediate Filament-associated
According to the binding site affinity
End binding proteins (nucleation, capping, Arp2/3, gelsolin)
Side binding proteins (tropomyosin)
According to primary function
Cross-linkers
Gel formation (filamin, spectrin)
Bundling (alpha-actinin, fimbrin, villin)
Polymerization effects
82
Induce depolymerization (gelsolin) 
Stabilizing (profilm, tropomyosin)
Motor proteins
Myosins (actin based)
Kinesin
DNA / RNA based
Motor proteins move or slide along cytoskeletal fibres, myosin on microfilaments and 
kinesin and dynein on the microtubules using energy from ATP hydrolysis.
Mechano-sensing the extracellular environment
Cells, including trabecular meshwork cells, are capable of sensing external 
mechanical stimuli (such as contraction / stretch or fluid shear within the trabecular 
meshwork) and translating them into biochemical signals. This ability allows cells to 
adapt to their physical surroundings by remodelling their cytoskeleton in response to 
different stresses by activating various signalling pathways and in some cases by 
changing their gene expression (Vogel and Sheetz, 2006). This “sensing” usually 
involves two separate processes; mechano-sensing (recognising a change in the 
external environment or a change on pressure / force on the cell surface) and 
mechano-transduction. In these processes, stretch, pressure (deformation) or other 
forces need to be transmitted from the outside environment to the proteins (and 
organelles) within the cell so that they might adapt accordingly. The actin 
cytoskeleton composed of actin filaments, possibly myosin motors, and certainly actin 
cross linking proteins plays a critical role in force propagation (signal transduction)
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through the plasma membrane, in response to external stimuli. For a mechano- 
transduction system to function it requires minimally, at least one sensor and one 
transducer (Wang et al, 2009). Such sensors are usually located within the cell 
membrane, where they sense the mechanical stimuli (such as force, pressure or 
changes in flow speed across / over the membrane) and then transmit the mechanical 
stimuli to the inside of cell (Vogel and Sheetz, 2006), Ion channels, Integrins, protein 
kinases, G proteins, intercellular junction proteins, focal adhesion proteins and 
numerous other membrane-associated signal-transduction molecules are capable of 
sensing mechanical stimuli (Ingber, 2006; Vogel and Sheetz, 2006; Wang et al, 2009). 
This stimulus is passed to a transducer (usually bound to the inside of the cell 
membrane or free within the cytoplasm) which then converts the original mechanical 
signal into a chemical or biological signal. Physiological examples of mechano- 
sensation could include hearing (Fettiplace and Hackney, 2006), blood pressure 
regulation (Chien, 2007), and bone remodelling (Robling et al, 2006). It is probable 
that trabecular meshwork cells in vivo (and vitro) also possess this ability, as they 
have been reported to rearrange their cytoskeletons (fonn CLANs) after being 
subjected to mechanical stretch, and fibroblasts have been shown to rearrange their 
cytoskeletons into a geodesic arrangement in response to a zero gravity environment 
(Ingber 1998).
Mechano-Sensors and the Actin Cytoskeleton
The mechanical properties of the actin network, and its ability to sense deformations 
or stretch, depend on its morphology, and / or on its microstructures, such as; filament 
length, filament and bundle diameter, and the heterogenicity / homogeneity of the 
fibres within each bundle (Sato et al, 1992). It is also dependant upon the binding
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strength between the actin filaments, different cross-linking proteins and on the motor 
activities of that cell (Ingber, 2006; Vogel and Sheetz, 2006; Wang et al, 2009).
The major protein of the actin cytoskeleton is as previously discussed monomeric 
globular “G” actin, which is found in all eukaryotic cells. Each monomer is organized 
into four' sub domains, which surround a central cleft which binds ATP and 
magnesium ions. The end of G-actin adjacent to the bottom of this cleft is termed the 
“plus” end and the opposite end, the “minus” end. Within F (filamentous) actin, the 
plus end of one G-actin monomer is connected to the minus end of the next G-actin 
monomer (Janmey et al, 1990). This polarity is continued higher up at the level of the 
microfilaments, and these also have well-defined plus (positive) and minus (negative) 
ends. The 8-nm wide F-actin filament is a left-handed helix which has 13 G-actin 
monomers per repeat and a repeat length of 37 nm (Janmey et al, 1990). Actin 
microfilaments have a right-handed helical structure with two F-actin strands twisted 
around each other. Each G-actin monomer is rotated 166° in respect to its two nearest 
monomers on the opposite side of the strand (Holmes et al, 1990). Within each strand, 
sub-domains 2 and 4 bond to sub-domains 1 and 3 in the next monomer of the strand, 
and each monomer binds to the other strand via a hydrophobic plug which links the 
two strands together.
Actin Cross-Linking Proteins (ACLPs) can organize actin filaments into structures 
such as bundles or meshwork’s, depending on their molecular structures, kinetic 
properties, and concentration (Revenu et al, 2004). “Bundle forming” ACLPs include 
fascin, villin, fimbrin, plastin, and dynacortin. Examples of “meshwork” forming 
ACLPs are filamin, Arp2/3, gelsolin and ERM (ezrin, radixin, and moesin) proteins 
(Pollard, 2007). Most of these proteins have additional functions within the cell (e.g.
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Arp2/3 also nucleates (or is the focus for) actin assembly in the cytoplasm, while 
ERMs allow actin filaments and actin meshwork’s or bundles to bind to the cell 
membrane (Pollard, 2007). Some ACLPs, particularly a-actinin and dynacortin, can 
form either bundles or meshworks depending on their concentration in the cell and on 
the ratio of F actin to ACLPs (Girard et al, 2004). Some ACLPs (particularly villin, 
espin, forked, fimbrin and fascin), are monomeric and contain minimally two actin- 
binding motifs, allowing them to crosslink as monomers. In contrast, ACLPs, such as 
filamin A, a-actinin and dynacortin, are dimeric proteins. Filamin A, cortexillin, and 
most dynacortin form parallel dimers while a-actinin forms anti-parallel dimers. 
Different ABDs generally associate with different areas of the actin monomer and 
each binds with different affinity (Forgacs, 1995).
To cross-link or bundle two actin filaments, the ACLP must have a minimum of two 
actin-binding domains associated with each subunit, through which the ACLP is in 
contact with the actin filament(s). This occurs by either dimerising a monomer with 
one actin binding domain (ABD) or by having two (or more) ABDs within a single 
monomer (Tseng et al, 2005). The strength of the actin interactions and the 
conformational arrangement of the actin network (whether it be a meshwork or bundle) 
varies with different ABDs, and with the different conformations of ABDs within 
each ACLP (Tseng et al, 2005). For example, ABDs could be closely linked via 
“short” spacers such as fimbrin, which would result in a tightly packed actin bundle, 
or the spacer might be elongated as it is in a-actinin and spectrin, which form loose 
networks by comparison to the previously mentioned ABD (Banuelos et al, 1998).
The presence of myosin-II can alter the character of the actin network. Following 
mechanical stimuli, the actomyosin system commences a continuous remodelling of 
its micro structure (assembly/disassembly of actin filaments and myosin II thick
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filaments in addition to the bundling/unbundling of actin filaments by ACLPs). 
During remodelling, the whole network is more or less out of mechanical equilibrium, 
which leads to transient behaviours within the network (Mizuno et al, 2007; Wilhelm, 
2008). This transient loss of equilibrium is probably the cause of the temporary 
geodesic cytoskeletal structures seen in settling cells and in cardiac fibroblasts 
(Entcheva and Bien, 2009). It has not been researched, but it is possible that the “hub” 
sites with CLANs correlate to the position of focal adhesions. It is speculative, but 
further possible that the change from stress fibres to CLANs is initiated via the 
mechano-sensing focal adhesions within trabecular meshwork cells.
Focal Adhesions as Mechano-sensors in the Actin Cytoskeleton
Focal adhesions and their use in mechano-sensing the external environment of the cell 
are important in many cellular processes such has cell growth, differentiation and 
motility. Focal adhesions are “mechanical links” between the cytoskeleton and the 
exterior of the cell and or the extracellular matrix (ECM). Focal adhesions are large 
molecular complexes that are formed from a large number of different proteins, 
including several integrins and actin binding proteins such as talin, vinculin, paxillin, 
(Zamir and Geiger, 2001; Geiger et al, 2009). Within focal adhesions, integrins form 
hetero-dimers, with a and P subunits (non-covalently bound together) each with an 
extracellular domain, a transmembrane helix, and a short cytoplasmic tail (Puklin- 
Faucher and Sheetz, 2009). The cytoplasmic “tail” of the p-integrin binds to the talin 
(actin binding protein) “head” domain. Talin may then anchor directly to actin or via a 
secondary actin binding protein such as vinculin (Puklin-Faucher and Sheetz, 2009). 
Focal adhesions can be in a stationary position within the plasma membrane (possibly 
temporarily located in “membrane stable” lipid rafts) or mobile, while undergoing a
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continual exchange of components with the cytoplasm. Focal adhesions tend to 
accumulate in areas with increased local force (Tan et al, 2003) and tend to be 
orientated toward the direction of the applied force (Riveline et al, 2001).
Focal adhesion formation is initiated after the activation of integrins. Inactive 
integrins have a “bent” shape whereas the active forms have an “extended” or 
straightened morphology (Hynes, 2002). Integrins may be activated either by their 
“head” end binding to the ECM (referred to as outside-in signalling) or by the “tail” 
binding to talin (inside-out signalling) (Hynes, 2002). The next mechano-sensitive 
protein within the focal adhesion is talin. Talin is a large protein consisting of an N- 
terminal “head” region and a long “rod” region. Close to talin's amino-terminal is a 
PERM (band 4.1, ezrin, radixin, moesin) domain, via which talin binds to several 
molecules including integrin(s), focal adhesion kinases and other receptors (Tadokoro 
et al, 2003). Talin-binding to the integrin p tail disrupts an intra-cellular “salt” bridge 
between the a and p integrin subunits, which increases the integrins binding affinity 
for the extracellular matrix (Tadokoro et al, 2003). Talin binds vinculin, and has 
eleven vinculin binding sites in its rod region. Vinculin is a 116kDa actin-binding 
protein, which is the main link between the core focal adhesion proteins to the actin 
component of the cytoskeleton (Tamada et al, 2004; Giannone and Sheetz, 2006). 
Mechanically induced focal adhesions cause activation and recruitment of many 
downstream kinases (Brakebusch and Fassler, 2003), some of these kinases may 
affect actin remodelling by regulating small GTPases and other actin binding proteins. 
Focal adhesion kinase binds to integrin, talin and paxillin, which further enhances 
focal adhesion kinase activities, which then initiates stress fibre formation. Integrin- 
linked kinase binds to the tails of the p integrin subunits, paxillin and phospholipids, 
which induces the phosphorylation of several protein kinases that are up-stream of
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actin polymerization. Integrin -linked kinase also initiates the formation of a complex 
which then recruits F-actin localisation to the focal adhesion sites (Huveneers and 
Danen, 2009).
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2.0 Materials and Methodology
2.1 Focus
The primary question we needed to answer was whether or not CLANs were present 
within the trabecular meshwork cells of another species (initially bovine) and also to 
determine whether CLANs - if present - were able to be induced at an experimentally 
useful level.
Once we had answered the first question, subsequent research was to be directed 
towards trying to further our understanding of CLANs - specifically how they form 
and if they form in response to other stimuli - and additionally, if possible, to 
determine why they form at all and what the consequences of their formation might be. 
Given that these structures are microscopic, work undertaken utilised bovine tissue 
explants, and primary cell cultures derived from these. Bovine eyes used in this work 
were purchased from Hewitt’s (Yew Tree House, Church Lane, Huxley, Chester, 
Cheshire CH3 9BH).
Light / fluorescent and confocal microscopy was undertaken for the majority of the 
work within our own facilities, with the exception of work that involved transfection 
with p actin eGFP constructs, which was carried out using Professor Mike Whites live 
imagine confocal microscopy facilities (University of Liverpool). The human P actin 
eGFP construct was a kind gift from the laboratories of Professor Ballestrem and 
Professor Imhof (Department of Pathology, Centre Medical Universitaire, Geneva, 
Switzerland).
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2.2 Bovine Eye Dissection
Bovine eyes were collected from a local abattoir and transported back to our 
laboratories within three hours of the animal’s death. The globes were cleaned of 
excess tissue, and were then soaked in an antibiotic solution prior to dissection.
Each globe was cut in half, and the lens was removed from the anterior segment in a 
sterile hood. This segment was then further dissected into quadrunts, and each 
quadrunt was positioned with the cornea facing down. A small section of each 
quadrunt was taken prior to meshwork extraction (to allow examination of chamber 
angle) and after extraction (to determine if the meshwork was fully removed). The iris 
was then reflected (pulled backwards along itself) carefully, so as not to tear the 
meshwork, resulting in the full chamber angle being exposed.
The bovine trabecular meshwork is heavily pigmented, and is easy to identify and 
relatively easy to dissect — even without a dissecting microscope, and removing the 
meshwork is easier in the bovine eye than in the human eye, but good quality, ultra 
fine forceps are required for successful extraction, during which the meshwork is 
carefully held at one end and then pulled out by gently pulling the tissue back on itself. 
Strips of meshwork served as explants for primary culture, they were also used for 
whole meshwork tissue culture work.
2.3 Primary Cell & Tissue Culture and Routine Actin Visualisation
Cells for experimentation were grown up in ventilated tissue culture flasks, however 
cells to be used for experimental runs were grown in lab-tek (Nunc) culture systems - 
which are glass (or plastic) slides on which various numbers of growing chambers are 
secured. These chambers may be filled with 0.2 to 0.8ml of culture medium - or test 
reagent, and have a lid to prevent contamination and slow evaporation. After required
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experimentation time has elapsed, the cells can be washed, fixed and stained within 
the chamber. The wells are then removed and the cells can be cover slipped in the 
usual manner.
For tissue culture, meshwork strips were removed and carefully placed into each well 
of a 6 well plate which already contained 2ml of warmed Dulbecco's modified eagles 
medium (DMEM) fortified with 10% foetal calf serum (FCS), 2mM glutamine, 
lOOU/ml penicillin, lOOpg/ml streptomycin and fungizone (2.5 pg/ml amphotericin) 
(All from Life Technologies, Scotland). These were incubated under standard 
conditions (37°C, 5% CO2) for a period of days with media carefully replaced every 
day. All strips were carefully monitored under the microscope for any sign of 
infection, any showing even possible infection were immediately discarded.
After desired experimental time, tissue strips were washed in three changes of 
phosphate buffered saline (PBS). They were then fixed by agitating them in 10% 
formalin for 5 minutes before being stored in a fridge (4C) for 12 hours before they 
were again washed in three changes of PBS before they were re-stored or used.
For primary cell culture, strips were removed and carefully placed into the bottom of 
a 25cm ventilated tissue culture flasks. It was important to ensure that the tissue strip 
adhered to the bottom of the flask (and did not float) otherwise the cells would not 
migrate out of it.
A small quantity (5ml) of 37°C DMEM (fortified as described above) was carefully 
(so as not to disturb the strip) pipetted into the flask. The strips were then incubated 
for several days (all strips were again subjected to daily examination so that any strips 
with signs of infection were discarded) and media was changed daily.
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After sufficient cells had moved from the tissue onto the bottom of the flask, the strip 
was removed, the media was changed, and the cells were cultured imtil confluence. 
After this was achieved, the cells were trypsinized and split in a 1:4 ratio into larger 
75cm2 flasks. These cells were again grown up to confluence after which they were 
split into four further flasks and grown up. At confluence half of the flasks were 
trypsinized (0.25% trypsin and 0.02% EDTA) and spun down before freezing in a 
10% dimethyl sulphoxide (DMSO) 90% culture medium suspension. The cells in the 
remaining flasks were split and grown further. These cells have many melanin 
grunules in their cytoplasm early in culture. These diminish with each passage 
however, and have usually disappeared entirely by the 3rd or 4th passage (Grierson, et 
al. 1985).
To visualise the actin once these cells were fixed, they were subjected to Phalloidin 
(Wulfe et al, 1979) and Propidium Iodide staining. Phalloidin is a phallotoxin derived 
from the poisonous death cap (amanita phalloides) mushroom; it binds selectively to F 
actin (Low and Weiland, 1974; Wulf et al, 1979). Phalloidin binds at the junction of 
the two actin subunits, as this area is not usually associated with any actin binding 
proteins most of the F actin in cells is available for phalloidin labelling (Barden et al, 
1987; Faulstich et al, 1993). In living cells, this binding is irreversible, and prevents 
actin depolymerising, which can lead to cell (and organism) death.
Phalloidin bound to a fluorescent conjugate has been used by numerous researchers to 
demonstrate actin in formalin fixed tissue. The majority of the experiments 
undertaken in this thesis utilised Alexa Fluor 488-Phalloidin (Invitrogen). This 
Conjugate binds to actin as previously mentioned, it is excited by light with a 
wavelength of 495nm (blue light) under the fluorescent microscope and it emits 
“green” light at a wavelength of approximately 519nm.
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Propidium Iodide is a non specific (in that it stains both RNA and DNA) intercalating 
nucleic acid stain. It is excited with light with a wavelength of 488nm, it emits red 
light that can be detected at 562-588nm.
Because of the differences in the excitation / emission spectrum of Alexa-488 
phalloidin and Propidium Iodide, it is possible to combine both of these stains on one 
slide so that it is possible to capture and image of the actin and the nucleus of the 
same cell (albeit by taking and combining two images).
Phalloidin & Propidium Iodide staining protocol
Cells were washed in three changes of PBS. They were then stained with a solution of 
Alexa-488 Phalloidin (20-25pl/ml) in PBS with 0.1% Tween-20 for 45-60 minutes 
(cells) or overnight (minimally 12 hours) for whole meshwork strips. After this the 
cells/tissues were again washed in 3 changes of PBS and then stained with a 
Propidium lodide/PBS solution (5pl/ml) for 5 - 10 minutes (cells) or up to 1 hour 
(meshwork strips). After the allotted time, the cells/tissue were washed in 3 changes 
of PBS and then mounted using a fluorescent mounting media (DAKO cytomation, 
UK). Cells were kept covered during staining to limit exposure to light as light fades 
the fluorescent stain, as did exposure to the excitation lights during microscopy.
Microscopy
Routine qualitative evaluation was performed by conventional fluorescence 
microscopy using a Nikon Optiphot microscope. More detailed analysis on fixed 
phalloidin stained cells was carried out using a MRC-600 confocal laser scanning 
microscopy imaging system (Bio-Rad UK). Confocal imaging of cells transfected
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with our human p-actin eGFP was carried out using a Zeiss Axiovert confocal 
microscope.
2.4 Human Cell Lines
Two transformed cell lines (TM3 and TM5) kindly provided by Alcon Laboratories, 
Fort Worth, TX (Pang et al, 1984) were used during this work. The TM3 cells were 
derived from a 72 year old donor who had medically controlled POAG at the time of 
death. The TM5 cells were derived from an 18 year old donor who had no recorded 
history of eye disease. The transformation of these cells has been described by Pang et 
al (1984). Various other non transformed human lines were also examined early in 
this work.
2.5 Dexamethasone (DEX) Treatment
During the initial dose / response studies cells were allowed to become confluent. The 
controls were then treated with vehicle (0.1% ethanol) while the experimental groups 
were exposed to 10'9M, 10'8M or 10‘7M DEX for up to 10 days, with medium changes 
every other day. Time response investigations continued DEX treatment up to day 14. 
All experiments were repeated minimally three times, and all experimental runs were 
performed in low serum conditions (0.5%) or with no serum present.
All cells used for experimental runs were less than 8th passage, except for the cells 
used in the experiments that examined CLAN formation in multiple passage cells 
(25th passage in this case). This work confirmed earlier work by (Grierson et al, 1985) 
who found that these cells had diminished growth, but that indicators of senility 
(cytoplasmic vacuolation, multiple nuclei) were not commonly observed.
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Previous work (Clark et al, 1994) has shown that a concentration of 10'7M DEX is 
optimal for CLAN formation in a wide range of human cell lines.
To generate the correct concentration of DEX for these experiments DEX was 
purchased (Sigma-Aldrich) in powdered form. The required amount was dissolved in 
pure ethanol to create a ImM solution. A quantity of this was then further diluted in 
cell culture media to achieve the desired working concentration.
2.6 Aqueous Humor Experiments
Aqueous humor was extracted from freshly obtained eyes in the manner described by 
(Hogg et al, 1995). The eyes used for aqueous extraction were different to those used 
for other experiments, as removal of aqueous can cause the chamber angle to collapse. 
Using a dissecting microscope 500 to 800pl of aqueous was removed using a 1ml 
syringe and a short 25 gauge needle. The aqueous was discarded if the anterior 
chamber deformed during extraction or if the aqueous was discoloured. Care was also 
taken to position the needle with the bevel upwards, well clear of the iris to avoid 
touching it and contaminating the sample.
After collection the aqueous was either used immediately, or was stored at -80C until 
required. Comparisons were made between fresh and frozen aqueous with regard to 
their respective CLAN inducing abilities.
For time course and concentration experiments the aqueous humor was diluted in 
DMEM alone or in DMEM plus FCS. The bovine cells were exposed to neat 
(unaltered, undiluted natural aqueous) aqueous or dilutions of aqueous for up to 1 
week. The appearance of the cells during aqueous treatment was carefully monitored 
for any signs of degeneration and any sign of apoptosis was noted.
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A number of preliminary studies were undertaken to try to determine what 
constituent(s) of aqueous might be responsible for the generation of CLANs.
Pooled aqueous was heat denatured at 80C for 10 minutes. Other aliquots of aqueous 
were subjected to pH change by the addition of either 0.1M NaOH or HC1 to alter the 
pH of the aqueous to either pH 3 or 11. This alteration was maintained for no longer 
than 45 minutes, as described previously (Joseph et al, 1989) and was neutralised by 
the addition of acid / alkali.
Further samples of aqueous humor were subjected to ultrafiltration. As there was no 
data or identified causal constituent two very broad filters were used. Aqueous 
samples were placed in either a 5,000 or a 30,000 Dalton (molecular weight cut off) 
ultra filter centrifugal tube (Amicon US). Aqueous was loaded into the top chamber of 
these tubes. The top was screwed on, and the tube was then spun at approximately 
1,200 rpm. Centrifugal force pulls the aqueous through the filter. Any constituents 
larger than the filter size are prevented from passing through the filter into the bottom 
collecting chamber and are caught within the pores of the filter.
2.7 TGF|}2 Treatment
Previous studies have shown that there is an up regulation of endogenous TGFp2 in 
the eyes of POAG patients (Min et al, 2006; Stephan et al, 2008). We wished to 
examine the effect of TGFp2 on our bovine and human CLAN producing cells, and to 
determine its effect on CLANs (if any).
Cells were seeded and grown to confluence as for other experimental conditions, and 
at the start of the experimental run the desired concentration of TGFp2 (Sigma) 1, 5 
or 1 Ong/ml was added to the culture media. The initial experiments run for three days
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as I have good information regarding the levels of CLANs induced at this time with 
and without a number of inducing agents.
Once the optimum concentration of TGF|32 had been established a longer run was set 
up to determine what level of CLAN expression would be reached over time.
2.8 Experiments to Determine the Level of Apoptosis in Dexamethasone 
Treated Cells
Bovine meshwork cells were grown for 3 days in the presence of 10‘7M 
dexamethasone. After this time the media was changed to one without dexamethasone, 
but with 5pi per ml propidium iodide. The cells were allowed to incubate in this 
media at room temperature before they were washed and fixed using 10% neutral 
buffered formaldehyde. The cells were then stained with phalloidin in the usual 
manner and were allowed to dry over night in the refrigerator before they were 
imaged the following day.
Images were collected using blue light (phalloidin image) and then green light 
(propidium iodide image). As the propidium iodide was added to the cells while they 
were still alive, only cells whose nuclei were compromised would take up the stain 
(healthy cells exclude propidium iodide). By this method it was hoped that it would 
be possible to identify CLANs and be able to tell if they were associated with 
apoptotic nuclei (or not).
2.9 Experiments in living Cells
As previously stated, all work on CLANs to date has been undertaken retrospectively, 
that is to say that cells are examined after they have been treated and fixed. CLANs 
are dynamic structures; and the ability to observe them form in living cells would be
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useful and tell us much about CLAN formation, however first it was necessary to 
determine if it was possible to image CLANs forming in living meshwork cells. To 
this end, staining of the actin in these cells using a human p actin construct (a kind 
gift from the laboratories of B. Imhof, Geneva) was undertaken (fig: 11).
The visualisation of CLANs in living cells had up to the start of this work, not been 
achieved by any research group. It is a difficult procedure because of the 
unpredictability of CLAN formation in any given cell. The following outlines my 
attempts to do so.
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Figure 11: Human p Actin-eGFP Plasmid Map
Human beta Actin Promoter 2856 bp EGFP Human beta Actin
Simplified diagrammatic representation of the Human beta-Actin eGFP plasmid used 
during the live cell imaging work.
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2.9.1 Transfection of Competent Bacterial Cells
Competent E.Coli (DH5d) bacteria were taken from our laboratories frozen stock. To 
create a single colony of competent cells for use in transfection, a single streak from 
this stock was scraped across the surface of an agar plate using a previously flamed 
inoculation loop. The plate(s) were then incubated over night at 37°C before being 
examined the next day for colonies.
A single colony was picked (using a sterile yellow pipette tip) and agitated into 10ml 
of LB medium in a universal container. This was again allowed to grow in the 
incubator over night until a large quantity of competent bacteria was obtained. The 
following day these cells were span down and were re suspended for use or for 
freezing. 50pl aliquot of these cells was added to a 1.5ml tube on ice. 20 - 30ng of 
plasmid DNA was added to this tube gently, the tube being gently flicked to mix the 
contents. These cells were then placed on ice for 30 minutes before being heat 
shocked in a water bath set to approximately 42°C for 90 seconds prior to being 
returned to ice for a further 2 minutes. Following this 350pl of SOC medium was 
added to the tube(s) using best practice aseptic technique, after which the media was 
incubated for a further 90 minutes with agitation.
The bacteria were then streaked out onto LB plates containing appropriate antibiotics 
and were again incubated over night. Bacteria that had not taken up the plasmid, 
(which conferred antibiotic resistance to the antibiotic in the plate media) were dead. 
Bacteria that had taken up the plasmid had grown into colonies. It was these colonies 
that could be picked for further work.
For the next stage I utilised a Qiagen mini-plasmid prep kit. The procedure followed 
was as outlined in the handbook. Following this procedure I was left with an amount
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of pure plasmid DNA which was eluted into 50pl of distilled H2O. Each sample was 
examined spectroscopically so that the quantity of DNA (jig/ml or ng/pl) could be 
determined. For this plasmid, 2 minipreps were selected.
1) mean absorbance = 0.02: (50 x mean absorbance (A260) x 100 = lOOpg/ml)
2) mean absorbance = 0.03: (50 x mean absorbance (A260) x 100 = 150pg/ml) 
The plasmid mini-prep was then subjected to restriction endonuclease digestion and 
agarose gel electrophoresis and full sequencing.
2.9.2 Restriction Enzyme Digest and Agarose Gel Electrophoresis 
The human p actin e-GFP plasmid contained 9,200bp (of which the human p actin 
ORF comprised l,200bp, and the eGFP ORF comprised 500bp). It also contained 
three restriction nuclease cutting sites for EcoRl, BamHl and HINDIIL
Samples were prepared as follows:
Sample 1 A B c
Plasmid (pi) 10 10 10
Buffer (pi) 2 2 2
Enzyme(s) (pi) 2(EcoR1) 2(EcoRl+BamHI) 2(EcoR1+HINDIII)
Water (pi) 6 4 4
Total Volume 20 20 20
Sample 2 A B C
Plasmid (pi) 6.7 6.7 6.7
Buffer (pi) 2 2 2
Enzyme(s) (pi) 2(EcoR1) 2(EcoRl+BamHI) 2(EcoR1+HINDIII)
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Water (jil) 
Total Volume
9.3 7.3 7.3
20 20 20 
The above samples were prepared in small PCR tubes. Samples were heated in the 
PCR machine to 37°C for 90 minutes. After this time the temperature was increased 
to 65C for 10 minutes before they were transferred to a 1.5ml eppendorf tube after 
which 0.1 volume of sodium acetate pH 5.2 (2pl) and 2 x Volume of 95% alcohol 
(samples are now 22 pi = 44 pi) were added and mixed in by gently flicking the tube, 
then quickly spinning the tubes in a centrifuge before allowing them to stand at room 
temperature for 1 hour*. Following the allotted time, lOOpl of 70% alcohol was added 
to each tube and each tube was again flicked before they were spun at 13,000 ref for 
15 minutes. Once a pellet was formed the alcohol was carefully pipetted off, and the 
tubes were allowed to air dry. Once the tubes appeared dry, 20pl of distilled water 
was added to each tube - fluid was gently pipetted in and tubes were pulsed in a 
centrifuge - the opposite way to the previous spin, to re suspend the pellet. Tubes 
were then stored at -20°C over night.
The three digests of this plasmid were run on a 0.8% Agarose electrophoresis gel 
That was made up by adding 0.8g of agarose to 100ml of 0.5% TBE. The solution 
was then mixed by swirling before it was heated in a microwave for 3 minutes. 2pl of 
ethidium bromide was then added and it was swirled again to mix. This solution was 
then poured into a pre-prepared mould and allowed to set (30 minutes).
All samples to be run on the gel had 5 pi of bromophenol blue loading buffer added to 
them. The markers were prepared by taking the required volume of marker (Ipl) and 
adding 9pl of water and 5pl of loading buffer. For this work a lOObp and Ikb marker 
was chosen to be run at the same time as the markers. The samples were run at 120 
volts until the markers could be seen to be two/thirds of the length of the gel.
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Given the map that came with the plasmid, we were expecting to find the following 
Bands on the gel:
1) EcoRl only - 1 band expected on the gel at 9,200
2) EcoRl + BamHI - 1 band expected on the gel at 1,200 + another at 8,000
3) EcoRl + HINDIII - 1 band expected on the gel at 1,700 + another at 7,500 
The gel is shown in Fig. 12.
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2.9.3 Plasmid Sequencing
To further substantiate the results from the gel, it was decided that the plasmid should 
be genomically sequenced. Primers were designed and purchased from (MWG, UK). 
The 3 Primers were as follows:
1) Fl-CC AGCCATGTACGTT
2) Rl-AACGTACATGGCTGG
3) R2-GCGGCGATATC ATC AT
The FI (Forward - 5' to 3') Primer motif would allow the plasmid to be sequenced 
from the start of the eGFP sequence moving into the actin sequence. Rl/2 (Reverse - 
3' to 5') Primers were designed to allow sequencing from the end of the actin 
sequence back through toward the eGFP sequence.
Plasmid and primers were sent to Geneservice (Nottingham, UK) for sequencing.
The sequencing confirmed that we did have the full eGFP and actin sequences. The 
Actin primer had the full length human promoter. These sequences were compared to 
the bovine sequences. We found that the (amino acid) sequence homology was 100%.
Bovine beta actin amino acid sequence:
>P60712-1 (uniprot identifier)
MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQK
DSYVGDEAQSKRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHP
VLLTEAPLNPKANREKMTQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVMD
SGDGVTHTVPIYEGYALPHAILRLDLAGRDLTDYLMKILTERGYSFTTTAEREI
VRDIKEKLCYVALDFEQEMATAASSSSLEKSYELPDGQVITIGNERFRCPEALF
QPSFLGMESCGIHETTFNSIMKCDVDIRKDLYANTVLSGGTTMYPGIADRMQ
106
KEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWISKQEYDESGPSI
VHRKCF
Human beta actin amino acid sequence:
>P60709-l(uniprot identifier)
MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQK
DSYVGDEAQSKRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHP
VLLTEAPLNPKANREKMTQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVMD
SGDGYTHTVPIYEGY ALPHAILRLDLAGRDLTD YLMKILTERG YSFTTTAEREI
VRDIKEKLCYYALDFEQEMATAASSSSLEKSYELPDGQVITIGNERFRCPEALF
QPSFLGMESCGIHETTFNSIMKCDVDIRKDLYANTVLSGGTTMYPGIADRMQ
KEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWISKQEYDESGPSI
VHRKCF
Sequence Comparison Using ClustalW
P60712“l MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQS
60
P60709-1 MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQS
60
************************************************************
P60712-1 KRGILTLKYPIEHGIVTNWDDMEKIWHHT FYNELRVAPEEH PVLLTEAPLN PKANREKMT
120
P60709-1 KRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKMT120
************************************************************
P60712-1 Q1MFET FNT PAMYVAIQAVL S LY ASGRTTGIVMDSGDGVTHTVPIYEGYALPHAILRLDL
180
P60709~l QXMFET FNT PAMYVAIQAVL S LYASGRTTGIVMDS GDGVTHTVP IYEGYALPHAILRLDL
180
************************************************************
P60712-1 AGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKSY
24 0
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AGRDLT DYLMKILT ERGYS FTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKSYP60709-1 
240
■kitii-kitit'kicic-kititit-kli-kit-kit'kil'k'kit + ltilitititititliiciiltitiiill'k'kifkitiiticilieltitititit-ic-k-kit***
P60712-1 ELPDGQVITIGNERFRCPEALFQPSFLGMESCGIHETTFNSIMKCDVDIRKDLYANTVLS
300
P60709-1 ELPDGQVITIGNERFRCPEALFQPSFLGMESCGIHETTFNSIMKCDVDIRKDLYANTVLS
300
*******&*******&*&******************************************
P60712-1 GGTTMYPGIADRMQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWISKQ
360
P607 09-1 GGTTMYPGIADRMQKEITALAPSTMKIK11APPERKYSVWIGGSILASLSTFQQMWISKQ
360
AA**********************************************************
P60712-1 EYDESGPSIVHRKCF 375 
P60709-1 EYDESGPSIVHRKCF 375
***************
2.9.4 Plasmid Maxi-prep
After sequencing confirmed that the plasmid did in fact contain the correct sequences, 
a maxi prep was made. A flask containing 200ml of LB broth (previously autoclaved) 
containing antibiotic had a picked colony added to it and was shaken (gently) over 
night at 37°C. The following day, the suspension was centrifuged to pellet the 
bacteria. A Qiagen maxi prep kit was then used to produce a larger volume of plasmid 
DNA in the following way.
Buffer PI (10ml) was added to the pellet to re-suspend it. To this, 10ml of buffer P2 
was added. This was gently mixed and allowed to incubate for 5 minutes at room 
temperature. Ice cold buffer P3 (again, 10ml) was added, the tubes were mixed by 
gentle inversion, and then placed on ice for 20 minutes.
After allotted time the solution was again spun to form a pellet. During the spin the 
Qiagen 500 column was primed by the addition of 10ml of QBT buffer, which was 
allowed to run through. After the centrifugal run had finished, the supernatant was
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removed and added to a 50ml falcon tube. The supernatant was then run through the 
column, followed by 30ml of buffer QC.
DNA was then eluted from the tube by the addition of 2 x 5ml of buffer QF. The 
eluate was caught in a clean plastic centrifuge tube. DNA was precipitated by the 
addition of 7ml of 4C isopropanol. This was then span, the supernatant removed and 
5ml of 70% alcohol was added before the sample was again spun, the alcohol 
removed and the sample allowed to air dry. Once dry, the pellet was re suspended in 
500pl of distilled water. DNA was quantified and calculated to be 20ng/pl.
2.9.5 Transfection Protocol
For transfection into human cells the transfection reagent Fugene 6 (Roche) was 
selected. The first trials of transfection were carried out using Hela cells - because of 
their fast doubling time, and previous experience with these cells and fugene 6, which 
also has a high transfection efficiency rate and is reported to have been successfully in 
over 600 cell types (data sheet). The protocol followed was that recommended within 
the reagent data sheet.
Two days before transfection cells were selected and transferred into an Iwaki plate (a 
small dish that has a clear central region suitable for imaging through using an 
inverted microscope).
For optimisation of the level of fugene 6: DNA, three small sterile tubes were taken 
and labelled with 3:1, 3:6 and 6:1 and 97pl of serum/additive free media was added to 
the first two tubes and 94pl was added to the last tube. Taking extreme caution to not 
touch the plastic of the tubes, 3pi of Fugene were added directly into the media in the 
first two tubes while 6pi were added to the last tube. All tubes were then gently 
flicked to encourage mixing of the contents, and were left to stand at room
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temperature for 5 minutes after which appropriate quantities of plasmid DNA were 
added (Ipg, 2pg and 6pg). The tubes were again gently flicked and left to stand at 
room temperature for 30 minutes (data sheet recommends 5 to 45 minutes).
The fugene/DNA solution was added to the cells in the Iwaki plates “dropwise” as 
carefully as possible dispersed over the entire plate. The plates were then incubated 
over night or up to 48 hours depending on the transfection efficiency in each cell line.
2.9.6 Image Collection and Analysis
Images were collected on a Zeiss Axiovert fluorescent confocal microscope. The 
entire dish was observed and cells that showed clear bright stress fibre staining were 
marked for tracking over time by clicking on the centre of each cell (the co-ordinates 
of which were then remembered by the imaging program).
There was a balance between the number of cells (fields of view) that could be 
followed and the elapsed time between each image. The program worked by moving 
from one cell to the next in the order in which they were selected. If too many cells 
were selected the time between images would be longer and it was felt important 
images could be missed (it being that no data exists that details the length of time it 
takes for the stress fibre pattern to dissolve and the CLAN organisation to appear).
The single images were concatenated into a movie for each field of view at the end of 
the imaging run. Each movie was then carefully examined and pertinent data were 
extracted.
As the equipment used for this work was borrowed, and given that each run would 
last minimally 12 hours, I was limited in the number of times we could run these 
experiments. I managed however to undertake sufficient runs for some very 
interesting preliminary conclusions to be made.
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3.0 Results
3.1 Initial Investigations into the CLAN forming potential of Bovine 
Meshwork Cells
3.1.1 CLAN Incidence and Morphology 
Description of CLANs and qualitative results
Initial studies proved that dexamethasone did consistently induce CLANs in bovine 
meshwork cells from confluent cultures after several days’ dexamethasone exposure 
(Fig 17).
For the work within this thesis, stringent CLAN identification and counting 
techniques were developed. To be included as a CLAN a structure had to have 
(minimally) 5 “hubs” and 3 triangulated arrangements of actin “spokes” (Fig 13).
This rigorous definition was adopted so that structures that were not CLANs would 
not be included in the counts (type 1 error). There were many more small structures 
present in the cells and tissues that did not meet these criteria and so the CLAN counts 
and numbers given here are very likely to be low estimates of CLAN numbers in the 
bovine meshwork cell population.
In well spread cultures of bovine (and human) meshwork cells, from sparse culture to 
confluence, the predominant F-actin arrangement was an abundance of stress fibres 
along the long axis of the cell. These varied in size from 10 to 30pm, and had a 
thickness of 0.2 to 1pm.
Polygonal actin structures were also a common finding in the meshwork cells in both 
untreated and treated cells. There was no discernable difference in the types, numbers 
or architectural arrangements between both species studied. However, in the absence 
of dexamethasone, but in the presence of serum, bovine meshwork cells produced 
many more CLANs than human cells did.
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The “hubs” of these structures were usually stained more brightly than the spokes, and 
were therefore easier to identify and image (Fig 15).
There was considerable heterogenicity in the size and over all shape of these 
structures, but the polygonal structure remained a common feature of even the largest 
CLAN in both human and bovine cells. A CLAN was considered to be large if it 
contained 20 or more hubs. Large CLANs were far more common after treatment with 
dexamethasone, whereas only small CLANs were found in untreated cells. In treated 
cells large CLANs in adjacent cells sometimes appeared to connect to each other (in 
that it was difficult to tell where one ended and another began). There was no 
disturbance in the geodesic arrangement where these CLANs in adjacent cells 
appeared to be joined together (Fig 15).
112
Figure 13: Different Types of CLANs in Bovine Meshwork Cells Treated with 
Dexamethasone
t
B
I)
lOum
Different CLAN types in 10‘7M dexamethasone treated, phalloidin stained bovine 
meshwork cells. A basket type, B geodesic, C network, D starburst.
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Figure 14: Outline of Minimum Criteria for Inclusion in CLAN Counts
Highly magnified image of a CLAN with the minimal inclusion criteria superimposed 
on it. This image contains 5 hubs (yellow) and 4 spokes (red). This image shows a 
dexamethasone treated bovine meshwork cell which was imaged on Biorad confocal 
microscope using oil; a x60 lens and a digital zoom of 2.
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Large and smaller CLANs formed flattened domes (as determined by z series - or 
sequential - imaging which could take as few as 1 or 2 sections or as many as 32). 
CLANs were found commonly over the nucleus, but were also found at the periphery 
of the cell. Domes were not the only structures observed. In sparse or pre-confluent 
cultures it was common to see “ring” or “basket-like” arrangements (Fig 13). Some of 
these arrangements could be quite large (Fig 16).
Other non geodesic arrangements of actin were frequently identified. Such structures 
were termed clan-like structures, and these while noted were not included in any of 
the counts,
3.1.2 Dexamethasone induced CLAN formation 
Bovine Cells
The bovine cells were grown and harvested in media containing 10% serum. The 
majority of studies however where conducted in greatly reduced or absent serum. 
Based on time lapse imaging, PI staining and Ki67 staining, reducing serum to 0.5% 
after confluence was reached had no observable adverse effect on viability over a 7 
day period.
Confluent cultures of bovine cells when placed into media containing no serum media 
had very little or no evidence of nuclear changes or degeneration after 7 days 
(assessed by propidimn iodide and annexin V staining).
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Figure 15: CLANs in Bovine Meshwork Cells Treated With Dexamethasone
Image shows dexamethasone treated bovine meshwork cells stained with Alexa 488 
phalloidin. The encircled area delineates an area where the CLAN of one cell appears 
to be joined up with, or linked to the CLAN in an adjacent cell.
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Figure 16: Non-Geodesic CLAN Arrangement in Dexamethasone Treated 
Bovine Meshwork Cells
A confocal image of Alexa-488 Phalloidin (green) and Propidium Iodide (red) stained 
bovine meshwork cells. Area outlined shows an alternative CLAN-like structure that 
shows a hub and spoke arrangement that is non geodesic.
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The effect of dexamethasone on CLAN formation was investigated in a time and dose 
dependant manner (Fig 17 and 18). Culturing cells with 10"7M dexamethasone 
consistently produced the highest numbers of CLANs. Exposure to concentrations of 
less than this produced less CLANs and the cells cultured with 10'9M dexamethasone 
contained no more CLANs than the control (vehicle only) cells (Fig. 18).
By extending the time course experiments to 14 days and utilising 10‘7M 
dexamethasone (with media replacement occurring every second day) the incidence of 
CLANs in the bovine cells usually reached 50% (Fig 17).
The incidence of CLANs in the control cells increased over time to approximately 
10% after 14 days (Fig 17). This upward trend reached statistical significance 
(students t test PO.05) in some, but not all experimental runs. Overall there was a 5- 
fold increase in the levels of CLAN formation in bovine cells exposed to 10'7M 
dexamethasone for 14 days. This was a consistent finding for all the cultures that were 
examined.
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Figure 17: CLAN Incidence over Time in Dexamethasone or Vehicle Treated 
Bovine Meshwork Cells
- - - O— DMEM Only ■----- DEX Treated
Number of days cultured
Data from experiments that shows the increase in CLAN numbers over time in bovine 
meshwork cells cultured with or without dexamethasone. There is a significant 
difference between the two data sets even by day 3 (Students t test, P>0.005) which 
continues to broaden over the experimental time period. Error bars are +/- 1 standard 
deviation.
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Figure 18: Dexamethasone Dose Response in Bovine Meshwork Cells
CONTROL —O— 10-9 DEX - -X- - 10-8 DEX —o - 10-7 DEX
<5-----------
Data from experiments that show CLAN formation in bovine meshwork cells over 
time with differing concentrations of dexamethasone. The most concentrated solution 
(10'7M dexamethasone) produced the greatest number of CLANs which reached 
statistical significance by day 10 (Students t test, P0.005). Error bars are +/- 1 
standard deviation.
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3.1.3 Effect of Passage Number on CLAN Formation
To determine whether or not the passage number influences the incidence of CLANs 
an experiment was run during which regularly used passage number cells (3 to 8) 
were compared to high passage number cells (20 - 25). The high passage cells for this 
work had a slowing in the cell division rate, but there was little evidence of 
senescence (vacuolation, multi nucleate, enlarged cells). Cells were purposefully 
grown up to these high passage numbers for this work, cells of this age are not 
generally found in the cell bank in this laboratory.
This experiment determined that CLAN induced by dexamethasone still form in very 
high passage number cells, and that the level of CLANs in high passage number cells 
is statistically indistinguishable from those found in the low passage number cells that 
are used routinely (Fig 19).
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Figure 19: Effect of Passage Number on Bovine Meshwork Cell CLAN 
Formation
-■— BTM Passage 3 - -x- - BTM Passage 22
i o 4
Number of days treated with DEX
Data from experiments aimed at determining the effect of age (passage number) on 
CLAN formation in bovine trabecular meshwork cells. There is no statistical 
difference in the numbers of CLANs generated between passage 3 and passage 22 
cells at any of the time points examined (students t test, P=1.000).
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3.1.4 CLAN Half Life
For as long as there was a dexamethasone stimulus in the media, bovine cells were 
associated with high numbers of CLANs, and so CLANs appeared to be a permanent 
feature of steroid treated cultures. To determine if there was a wash out effect, or a 
lessening of CLAN numbers once the dexamethasone stimulus was withdrawn, cells 
were grown for 14 days in 10"7M dexamethasone. After this time the dexamethasone 
containing media was replaced with normal media. Cells were fixed at set time points 
and the incidence of CLANs at each point was calculated. These experiments showed 
that there is a wash out effect, but in bovine cells the incidence of CLANs that were 
treated with dexamethasone remained statistically higher than in cells that had never 
been treated for 7 to 10 days after dexamethasone removal (Students t test P<0.05), 
The half life for CLANs in bovine meshwork cells following the removal of 
dexamethasone stimulus was determined to be 2.5 days (Fig 20).
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Figure 20: CLAN Half Life in Human and Bovine Meshwork Cells
— TM6 CELLS BTM CELLS
Withdrawal 3 Days 7 Days
Days after cessation of treatment
Data from a series of experiments (n = 4) aimed at discovering if there was a “wash 
out” effect in both human and bovine meshwork cells (a lessening of CLANs in the 
cell population after the removal of the dexamethasone stimulus). The half life for 
CLAN survival post stimulus withdrawal is approximately 2.5 days in bovine cells 
and approximately 3.5 days in human cell lines following the withdrawal of 10'7M 
dexamethasone.
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3.1.5 Human Trabecular Meshwork Cells
Several human trabecular meshwork cell lines were used as comparisons for the 
bovine cells (it was felt that this was important because the most commonly used cell 
type in CLAN research at the start of this work was human cells).
After 14 days in 10"7M media the three human cell lines had an overall CLAN 
prevalence of 16% + 4% compared to 49.8% ± 3.93 % for the bovine cells (Fig 21). 
The incidence of CLANs (post dexamethasone treatment) was very similar between 
the human and bovine meshwork cells. However there was a difference in the baseline 
levels of CLANs with the human cells containing 4% while the bovine cells on 
average had 10% CLANs in non treated cells.
CLAN induction in human cells was much more variable than in bovine cells. 
Different human cell lines produced different levels of CLANs. The immortalisation 
of human cell lines apparently had a negative effect on the CLAN forming 
capabilities of these cells. During this work, HTM3 and HTM5 cells have a variable, 
but relatively poor CLAN response when compared to non immortalised primary 
human cells (Fig 22).
The half life of dexamethasone induced CLANs in human cells was a little greater 
than in the bovine cells at 3.5 days (Fig 20).
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Figure 21: CLAN Formation in Dexamethasone Treated Human Cell Lines
Compared to Bovine Meshwork Cells
— BMW --0--NTM —TM5 •••«••• TM3
S5
DAYS TREATED WITH 10 -7 M DEXAMETHASONE
Graph depicting the outcome of several experiments performed to determine how well 
CLAN formation in bovine meshwork cells compares to that in human cell lines after 
treatment with 10‘7M dexamethasone. It was found that the bovine cells formed far 
more CLANs than any of the transformed human cells tested, all of which had a 
similar, if somewhat variable CLAN forming ability.
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Figure 22: CLAN Formation in Human Cell Lines, Primary Human Cells and
Bovine Meshwork Cells
□ DEX TREATED
□ CONTROLS
TM5 TM10 TM3 HTM BTM
Graph depicting the outcome of several experiments (n = 5) performed to determine 
how well bovine trabecular meshwork cells compare to transformed human cell lines 
and non transformed human cells after exposure to 10-7M dexamethasone for 14 days. 
Transformed cell lines behaved similarly with a somewhat variable CLAN formation 
rate, while non transformed human cells produced many more CLANs per cell which 
equalled that found in the bovine cells.
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3.1.6 CLANs in Organ Cultured Bovine Meshwork
As previously mentioned, the bovine meshwork is not as well organised as the human 
trabecular meshwork. Orientation and localisation were somewhat difficult during 
confocal examination because of this lack of obvious landmarks. In addition to this, 
the bovine meshwork had a very pronounced autofluorescence which made 
identification of the actin fluorescence difficult.
There was however a graduation of intracellular pigment between the different zones. 
The cells in the trabecular zone were relatively sparse and heavily pigmented. The 
cells of the reticular zone had some pigment and the cells in the area analogous to the 
juxta-cannilicular region were comparatively pigment free.
The dominant cytoskeletal actin organisation in the bovine meshwork tissue was a 
very prominent stress fibre arrangement than run parallel with the long axis of the 
cells (Fig 23). They were usually 0.25 to 0.5pm in diameter although they could be as 
thick as 1pm. They were usually between 5 to 30pm long but could run the entire long 
axis of the cell. These stress fibres were seen in all areas of the bovine meshwork 
tissue, however the smallest most numerous stress fibres were found in the cells of the 
innermost bovine meshwork (“JCT” region). The size decrease in the actin stress 
fibres was the only actin associated difference that distinguished cells in this region 
from those elsewhere in the meshwork. There was also a diffuse actin staining pattern 
that occurred sporadically throughout the meshwork.
Following exposure to dexamethasone for three days in our tissue culture system, 
elongated stress fibres were far less common. The actin in the tissue became far less 
organised with speckles, bundles, knots and tangles of relatively small actin fibrillar 
fragments that appeared to have no particular orientation. Even in masked quantitative
128
studies it was relatively easy to distinguish treated from non treated tissue because of 
the vast difference in the actin arrangement (Fig 24).
Polygonal actin arrangements that we considered to be CLANS were identified in the 
bovine meshwork tissue both with and without dexamethasone treatment (Fig 25). 
CLANs were difficult to find in the tissue, as compared to in the cell cultures. The 
difficulties in the tissue involved the autofluorescence and the complex three 
dimensional arrangements of the cells which were orientated in many different planes. 
It was possible to identify CLANs in the meshwork tissues we examined, however it 
was more difficult in tissue that had been treated with dexamethasone because of the 
above mentioned changes in the actin patterns.
Nevertheless, qualitative studies suggested that CLANs were more numerous in 
dexamethasone treated tissue than in non treated control tissue however there were no 
changes in CLAN complexity or size associated with 72 hours dexamethasone 
exposure, CLANs rarely involved more than 15 hubs (and associated spokes). 
Throughout the tissue there were areas where clusters of CLANs were found. There 
seemed to be no distinguishing features in these areas (other than the presence of 
more CLANs than average).
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Figure 23: Bovine Meshwork Tissue Fixed Without Dexamethasone 
Treatment
Confocal microscopic views of bovine meshwork tissue (without dexamethasone 
treatment) stained with phalloidin to demonstrate F actin distribution. Inter trabecular 
spaces (*) can be clearly seen and many stress fibres are clearly stained and visible. 
There are many melanin granules present within this freshly dissected tissue (arrows).
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Figure 24: 
24 Hours
Bovine Meshwork Tissue after Treatment with Dexamethasone for
A confocal microscopic view of a highly cellular area of bovine meshwork tissue after 
exposure to dexamethasone for 24 hours. Brightly stained areas that are geodesically 
arranged, and therefore likely to be “hub” components of CLANs can be seen (circled) 
however the associated “spokes” are not so clearly identifiable.
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Figure 25: Bovine Meshwork Tissue after Dexamethasone Treatment for 72 
Hours
Bovine meshwork tissue stained with phalloidin following exposure to 
dexamethasone (10 7M) for 72 hours. The normal actin distribution pattern has been 
severely disrupted, and the stress fibre pattern seen clearly in Figure 23 is no longer 
discemable. Numerous actin tangles and some polygonal actin arrangements were 
visible (circled). Inter trabecular spaces are also no longer as clear in other images.
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3.1.7 Experiments to Identify Apoptosis in dexamethasone Treated Cells
Bovine meshwork cells (with or without serum) exposed to 10'7M dexamethasone for 
7 days showed a very low level of apoptosis. The propidium iodide applied before the 
cells were fixed was able to enter the nuclei of apoptotic cells because their nuclear 
envelopes had become porous (while the healthy cells were able to exclude it). It was 
extremely rare for any cells to show apoptotic features. Occasional cells showed 
senescent features, such as being multi nucleate (Fig 26 and 27).
The actin images showed that CLANs were not present in the cells that were 
undergoing apoptosis. In contrast, some of the cells that appeared to have CLANs (or 
CLAN-like structures) had no propidium iodide present in their nuclei (Fig 27). 
Because no nuclear stain was used post fixation it was not possible to determine the 
exact number of cells present per image. However this issue was resolved by taking a 
large number of images (n = 200) and calculating a number of apoptosis positive 
images. Of all the randomly taken images only 3 showed any propidium iodide 
staining. If we accept that there is (minimally) 3 cells in any given image, then the 
level of apoptosis in these dexamethasone treated cells would be less than 1%. This 
was no different from the control cells that were grown identically but with vehicle in 
place of dexamethasone.
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Figure 26: Investigations into Apoptosis in CLAN Containing Bovine 
Meshwork Cells
i;
I)
A: bovine meshwork cells stained with phalloidin after culture with 10'7 M 
dexamethasone for 7 days. Prominent stress fibres are the predominant actin pattern in 
this image.
B: image of the same cells using 536mm wavelength light which makes propidium 
iodide visible. There has clearly been no uptake of propidium iodide; therefore the 
cells in this image are viable.
C: another area similarly treated cells. This image has captured some altered actin 
patterns, but the cells appear other wise healthy.
D: the lack of anything visible in this image (which was again taken using a 
wavelength of light that would excite propidium iodide) shows that there are no 
apoptotic (or necrotic / senescent) cells in this image.
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Figure 27: Nuclear Changes in Dexamethasone Treated Bovine Meshwork 
Cells
Propidium iodide stained cells after treatment with dexamethasone. (A) Does not 
appear to be apoptotic from the phalloidin image (B) The enlarged size of this cell and 
the nuclear vacuolation would suggest that this cell is probably senescent, not 
apoptotic. The cell in (C) was imaged toward the edge of the lab-tek. There are no 
CLANs or CLAN-like structures in this image. The propidium iodide image (D) 
shows no defined nucleus. This cell may or may not be apoptotic it is hard to be 
certain with this image.
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3.2 Experiments to Identify in vivo CLAN Inducing Agents
3.2.1 Effect of bovine aqueous humor on morphology
Bovine meshwork cells exposed to 10, 50 and 100% aqueous humor (diluted with 
DMEM without serum) for 3 or 7 days had no obvious degenerative effects on the 
morphology of cells (observed by phase microscopy) or the nuclei (observed via 
propidium iodide staining), There was no cytoplasmic vacuolation or nuclear 
enlargement and very little apoptosis. Occasional binucleate and large cells were 
occasionally seen, but these were also seen in early cultures maintained in standard 
medium.
Confluent bovine cells became more epithelioid and rounded after exposure to 
undiluted aqueous, but they remained well spread at 7 days. After this time more cells 
were larger than usual when they were maintained in undiluted (100%) or in aqueous 
diluted with DMEM (50%), but no change was seen at lower concentrations or at 
higher concentrations at 3 days.
3.2.2 Effect of Aqueous on F-Actin Distribution and CLANs
Cultures of bovine meshwork cells were exposed to DMEM, DMEM diluted with 
50% by volume aqueous humor or undiluted (100%) aqueous for up to 7 days. These 
were then examined qualitatively (using Alexa 488 phalloidin staining) and were 
compared to controls grown in standard DMEM plus serum.
The predominant F-actin pattern was strong stress fibres. No discernable differences 
between the stress fibres in all the samples were observed.
Polygonal networks made up of hub and spoke arrangements of F-actin were found in 
cells exposed to 50% aqueous or higher. The number of CLAN positive cells was
136
limited, but the range and sizes of the CLANs were similar in design to those induced 
by dexamethasone in both bovine and human cells. CLANs and CLAN-like structures 
were present in all samples examined, but were only common in the cells treated with 
undiluted aqueous (Fig 28).
3.2.3 Qualitative Analysis and Aqueous Manipulation Experiments
Quantitative analysis of CLAN numbers after exposure to aqueous for 3 days showed 
a significant increase over control levels (Students t test P<0.05) in all experimental 
conditions. This increase was more marked in cells grown in 100% aqueous where the 
CLAN incidence was over 2 times that of the control cells (Fig 28) 9% of the cells 
having CLANs (P <0.01). Further positive control cells treated with dexamethasone 
for the same amount of time had a CLAN incidence of approximately 17%.
Boiling aliquots aqueous for 10 minutes completely destroys the CLAN forming 
potential of aqueous humour (Fig 29). Treating aqueous with acid (pH 3) as described 
in the methods appeared to destroy the CLAN forming potential it possessed, whereas 
exposure of the aqueous to alkali (pH 11) reduced the CLAN incidence by 
approximately 50% (Students t test p<0.05) (Fig 30). Passing bovine aqueous through 
a centrifugal ultra filter with a 30,000 kDa cut off had no discernable effect on CLAN 
formation, but passing the aqueous through an ultra filter with a 5,000 kDa reduced 
CLAN formation down to background levels. These experiments were repeated four 
times with the same result (Fig 31).
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Figure 28: CLAN Formation in Bovine Meshwork Cells Treated with 
Different Concentrations of Bovine Aqueous Humor
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Histogram showing the abundance of CLANs in bovine meshwork cells cultured with 
aqueous humor or dilutions of aqueous humor and cell culture media (minus additives) 
For 72 hours. The less diluted the aqueous, the higher the incidence of CLANs that 
were observed. Error bars are + 1 standard deviation.
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Figure 29: The Effect of Heat Treatment on the CLAN Forming Capabilities 
of Bovine Aqueous Humor
□ S/FDMEM □ 50% BOH.B3 AQ + 50% DM EM □ 50% A/H *. BOILB) AQUEOUS ■ 100%A/H
(0
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Treatment and % of aqueous in culture medium
Histogram showing how the heat treatment (boiling) of bovine aqueous humor affects 
its ability to form CLANs. Boiling the aqueous clearly destroys any CLAN inducing 
agent within the aqueous which would lead to the assumption that the CLAN inducing 
agent is denaturable (a protein). Error bars are + 1 standard deviation.
139
Figure 30: The Effect of Acid / Alkali Treatment on the CLAN Forming 
Capabilities of Bovine Aqueous Humor
□ S/F MEDIA □ 50% Pti3 AQUEOUS + 50% DM BA B Ph3 AQUEOUS 0 50% Phil AQUEOUS + 50% DM EM B Phil AQUEOUS
Treatment and % of aqueous in culture medium
Histogram depicting the effects of altering aqueous humor pH on its CLAN inducing 
capabilities. The effect of strong alkali treatment appears to be no injurious to CLAN 
induction, however treatment with strong acid destroys any CLAN forming abilities, 
which would again suggest that the CLAN inducing agent is a protein. All error bars 
are ± 1 standard deviation.
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Figure 31: Effect of Micro-filtering on the CLAN Forming Capabilities of 
Bovine Aqueous Humor
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Histogram depicting the effect of filtering aqueous humor with two different 
centrifugal micro filters. These results indicate that the CLAN inducing agent within 
the aqueous is removed when the aqueous is passed through the smaller (5,000 
molecular weight cut off) filter, but not when it is passed through the larger filter.
This could (if the other results are considered) be taken to mean that the CLAN 
inducing agent in bovine aqueous humor is a small heat / acid denaturable protein.
All error bars are + 1 standard deviation.
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3.2.4 Effect of TGFp2 on Bovine Meshwork Cells
Given that aqueous humor has an effect on meshwork cells that includes CLAN 
induction that is greater than that seen in the controls; and given that it is also elevated 
in the aqueous humor of people with POAG it was decided that the effect of TGF|B2 
on bovine cells should be explored. TGFP2 was also not excluded by the preliminary 
investigations into the CLAN inducing agent(s) in aqueous humor.
Preliminary studies examined the effect of 1, 5 and lOng/ml be determined as there 
was no previous data that had identified the optimum concentration for CLAN 
provocation.
It was clear very quickly that TGF(32 had the ability to induce CLANs at a high rate, a 
higher rate than had been achieved with dexamethasone. There was little difference in 
CLAN prevalence after 3 days exposure to 1, 5 and lOng/ml (45, 40 and 42% 
respectively) (Fig 32). There was however markedly more apoptosis in the cells 
exposed to lOng/ml as assessed by propidium iodide staining and microscopy. 
Subsequent runs were undertaken at 5ng/ml and were extended to 14 days.
The CLANs observed after 14 days were striking and many were large with far more 
than 20 hubs each, they were mostly geodesic in arrangement but basket-like CLANs 
were also present, and these could be very large, comprising more than 50 hubs in 
some cases (Fig 33). Looking down the microscope it was difficult to find a group of 
cells that did not contain CLANs. The CLANs induced by TGF(32 were very well 
formed and the spokes were clear in addition to the hubs.
The level of CLAN induction was surprising. After just 3 days the prevalence of 
CLAN containing cells in the population had reached 22%, with this increasing to 
46% after 5 days, 57% after 7 days and finally reaching 68% by day 14 (Fig 33).
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which compared favourably to a dexamethasone control that was run concurrently 
which produced 15, 22, 43 and 52% CLANs at 3, 7, 10 and 14 days respectively (also 
shown on fig 33. These experiments were repeated 5 times with the same result.
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Figure 32: TGFP2 Dose Response Data in Bovine Meshwork Cells
Results for experiments that aimed to determine whether or not TGFbeta2 was able to 
induce CLANs in bovine meshwork cells. There appeared to be a saturation level with 
regard to TGFbeta2, as there is no statistical difference between any of the 
concentrations tested (P = 0.8937). There was considerably more apoptosis in the 
cells treated with lOng/ml group when compared to the 1 or 5ng/ml.
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Figure 33: large CLAN in TGF02 Treated Bovine Meshwork Cell
Bovine meshwork cell(s) treated with 5ng/ml TGFbeta2 for 14 days. After this time 
the cells were well spread but healthy, and they contained very numerous and very 
large CLANs of different types but predominantly geodesic or basket like. This Cell 
had at least 64 hub sites. When viewed down the microscope the spokes were more 
visible but they did not image very well.
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Figure 34: Comparison of the CLAN Forming Abilities of TGFp2 and
Dexamethasone
Day 3 Day 7 Day 10 Day 15
Averaged data from experiments (n = 5) comparing the ability of dexamethasone and 
TGFbeta2 to produce CLANs in bovine meshwork cells. The TGFbeta2 produced 
more CLANs than the dexamethasone did, however this difference was not found to 
be significant overall (P= 0.3007).
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3.3 Investigations into CLAN Formation in Live Cells
3.3.1 Initial transfection experiments 
Bovine Meshwork Cells
The standard fugene optimisation protocol was followed but after 24 hours there was 
no visible transfection in the cells. This procedure was repeated many times (n = 8) 
with the same result, even after 40 - 72 hours there was no visible sign that any of the 
cells had taken up the plasmid (Figure 39 & 42) The gene sequences were matched, 
and according to the manufacturer fugene was compatible with bovine cells, and so 
we could not determine why this might be. To check whether or not there was some 
problem with the plasmid it was decided that it would be transfected into Hela cells 
which grow fast and would be a good indicator of any problems with the plasmid.
Hela Cells
Trials of transfection were carried out using an established HeLa cell line with a 
known doubling time. The Fugene-6 transfection optimisation protocol showed that 
transfection with this plasmid could result in successful transfection.
The best result was achieved with a cDNA to fugene ratio of 1:6 (fig 41). Above this 
level and the plasmid was greatly over expressed to the extent that the entire cell was 
bright green, and visualisation of individual actin patterns was impossible (fig 40).
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Figure 35: Non-Transfected bovine Meshwork Cells
Low power (x20) image of bovine meshwork cells pre-treated with dexamethasone 
for 3 days and transfected with human beta actin eGFP plasmid using fugene 6. This 
image was taken at low power to capture the maximum number of cells possible. 
Positively transfected cells would show up as being bright green, but positively 
transfected cells are absent from this image.
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Figure 36: Over Expressed Plasmid in Transfected Hela Cells
Hela cells transfected with human beta actin eGFP plasmid using a ratio of 1:3 cDNA 
to transfection reagent (Fugene 6). The plasmid is clearly over expressed with this 
quantity of transfection reagent (Image taken with oil on the Zeiss axiovert confocal 
microscope using a xlOO objective with oil).
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Figure 37: Diffuse Actin Arrangements in Transfected Hela Cells
Hela cells transfected with a 1:6 cDNA to transfection reagent (Fugene 6). While a 
reasonable level of transfection was achieved in this particular trial; the visualisation 
of actin in these cells was very diffuse, no actin features (stress fibres or similar) were 
discemable (Image taken with oil on the Zeiss Axiovert confocal microscope using a 
x60 objective).
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Figure 38: Collection of Images from Transfected Cells
Top left and right; Hela cells transfected with 1:6 cDNA: Fugene 6.
Middle left and right; Bovine meshwork cells transfected with 1:3 cDNA: Fugene 6. 
Bottom left and right; Bovine meshwork cells transfected with 2:3 cDNA: Fugene 6.
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Human Trabecular Meshwork Cells
CLANs only form in meshwork cells as far as is known currently, at the time of 
writing this thesis. Because it was not possible to transfect bovine cells the decision 
was taken to transfect human cells. Both human cell lines commonly used (TM3 and 
TM5) were found to be transferable, and both had good actin (stress fibre) 
visualisation by 24 hours post transfection.
Human TM5 cells were found to be transferable to approximately 10%, while human 
TM3 cells were found to reach approximately 15% transfection efficiency both with a 
1:3 cDNA to fugene ratio.
When full scale experiments were run, and cells were pre-treated with 10'7M of 
Dexamethasone all transfection ceased. This happened at any level of cDNA to 
transfection reagent ratio, despite numerous repetitions.
It was therefore necessary to modify the CLAN induction technique so that cells were 
not pre-treated. Cells were plated out a day prior to transfection; the media was 
replaced with dexamethasone DMEM 24 — 36 hours post transfection immediately 
prior to the imaging run - which would run between 12 and 24 hours.
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Figure 39: Transfected Human TM5 Ceil
Human TM5 cell transfected with human beta actin eGFP; note the striking stress 
fibre pattern. Other cells in this image had not taken up the plasmid and so were not 
visible although this image was taken prior to confluence during one of the initial 
trials of transfection. (Image taken on Zeiss Axiovert confocal microscope, with oil 
and a xlOO objective).
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3.3.2 Experiments to improve transfection efficiency
Although the transfection in human cells was successful, the transfection rate was 
quite low 10 - 15%. Given the small percentage of human cells that produce CLANs; 
(approximately 10%) there was concern that finding a cell that had both taken up and 
expressed the plasmid and formed a CLAN would prove difficult.
Several methods of trying to improve transfection efficiency were tried. The method 
had to have several qualities; it had to be reliably reproducible and it had to not add 
another chemical dimension to the experiment.
Serum starvation
Cells were seeded at a number that was sufficient to give approximately 50% 
confluence into Iwaki plates with normal cell culture media containing 10% serum. 
Cells were allowed to settle for 12 hours (over night). The following day the media 
was replaced with serum negative media which was left on the cells for 24 hours.
One hour prior to transfection, the media was changed to normal 10% serum media. 
The sudden presence of serum appeared to encourage the cells to enter into the G1 
phase of the cell cycle, and the by doing this more cells took up plasmid and were 
successfully transfected, a transfection efficiency of approximately 30 to 40% was 
reliably achieved in this manner.
Mechanical disruption
This method proved to be a very successful method of inducing the cells to divide and 
grow - thereby taking up plasmid. The media was changed immediately after 
mechanical disruption to remove the disrupted cells and or the enzymes that would be 
released. Cells were maintained in normal 10% serum over night following this
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technique, and cultures treated in this manner reached approximately 50 to 60% 
transfection efficiency. The only problem with this technique was that the amount of 
disruption would likely differ slightly for each plate which would introduce another 
Variable, but potentially this need not be a variable that would be problematic, if a 
finite number of cells were chosen randomly from each plate examined. Other wise 
this was found to be a useful technique.
3.3.3 Time lapse experiments
Human TM5 Cells
Overview of Experiments and Results
• 3 Separate experiments were completed (a further 2 failed due to problems 
with the imaging system),
• 7 to 12 fields of view per experiment
• 5 of the best fields of view were selected per experiment — some fields were 
not productive due to cells moving out of the field of view, or dying.
• Total number of cells examined over these experiments was 171
• Total number of GFP positive cells 69 (40.5% of all cells examined)
• On average 4% of cells contained CLANs or CLAN-like structures
Human TM3 Cells
Overview of Experiments and Results
• 5 separate experiments
• 7 to 12 fields of view per experiment
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• 5 fields of view per experiment were selected — again many fields were non 
productive
• Total number of cells examined during this experiment was 641
• Total number of GFP positive cells was 182 (32% of all cells examined)
• On average, 3.5% of cells contained CLANs or CLAN-like structures
For both experiments the imaging software was set to move between chosen fields of 
view at set intervals which created a movie file. Most of the experiments were run for 
different time lengths and so set time points were chosen for each experiment to 
equalise the information so that it might be subjected to statistical analysis. Time 
points chosen were 0, 6 and 12 hours from start of imaging / addition of 
dexamethasone.
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Figure 40: Data from Live Human TM5 Cell Experiments
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■ Total cells
■ GFP positive cels 
□ No. of CLANs
Histogram including error bars of 1 standard deviation of data from the human TM5 
GFP experiments: combined data from 5 data sets per experiment and 3 experiments 
for each condition.
There was no significant difference between:
The total number of cells between 0 and 12 hours (Students t test P = 0.8278)
The number of eGFP positive cells between 0 and 12 hours (P = 0.8740)
The number of CLANs present in cells between 0 and 12 hours (P = 0.6779)
The percentage CLANs present in cells between 0 and 12 hours (P = 0.7567)
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Figure 41: Data from Live Human TM3 Experiments
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Histogram and error bars of 1 standard deviation of data from the human TM5 GFP 
experiments: combined data from 5 data points per experiment and 3 experiments for 
each condition.
There was no significant statistical difference between:
The total number of cells between 0 and 12 hours (Students t test P = 0.2660)
The number of eGFP positive cells between 0 and 12 hours (P = 0.4740)
The number of CLANs present in cells between 0 and 12 hours (P = 0.6811)
The percentage CLANs present in cells between 0 and 12 hours (P = 0.8433).
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3.3.4 CLAN formation in living human trabecular meshwork cells
CLANs formed on a few occasions (n = 11) and some preliminary conclusions can be 
drawn based upon this work.
When CLANs form, the “hubs” appear first. CLANs can form at any time during the 
culture period, indeed they form without any known CLAN inducer being present, but 
they appear to increase in number over time, as was shown during the initial 
dexamethasone time course experiments. Once they form (within 8 minutes was 
observed here) they are followed by the spokes which appear to form even quicker 
than the hub points as in the series of images shown in Fig 43, they are not present in 
one image (Fig 43d) - but them present in the next image (Fig 43e) which was taken a 
mere 4 minutes later. The spokes connect the dots of the hubs to form recognisable 
CLANs. As stated, the spokes appear quite quickly following the appearance of the 
hubs, the whole structure appeared within 20 minutes on one time lapse film. CLANs 
can form in the same cell as stress fibres and other actin arrangements. Clans can also 
destabilise and dissipate within a short time of forming.
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Figure 42: CLANs in Living Human TM Cells - Single Image
A CLAN-like area over the nucleus of a living TM5 cell transfected with human beta 
actin eGFP. The area is some what unfocussed unfortunately because the cells move, 
bulge up and put some areas out of focus. The pin points of bright staining however 
would be strongly indicative of this being part of a CLAN.
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Figure 43a: CLAN Forming in Human TM5 Cell - Image 1 of 8
A human TM5 cell transfected with human beta actin eGFP this cell was selected for 
imaging because it was well spread, CLANs often form in cells that are well flattened 
and adherent.
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Figure 43b: CLAN Forming in Human TM5 Cell - Image 2 of 8
The same cell now showing pinpoint areas of increased staining that does not have 
any defined pattern as yet. Some stress fibres are forming on the left hand edge of the 
cell. Time elapsed since last image is 4 minutes.
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Figure 43c: CLAN Forming in Human TM5 Cell - Image 3 of 8
The focal area has become more organised and is taking on a recognisable CLAN 
shape with 5 “hubs” and 2 or 3 “spokes”. The stress fibres are elongated and more 
pronounced and seem to have extended toward the top of the cell where the focal area 
is. Time elapsed since last image is 4 minutes. This is the first image of a CLAN 
forming in a live cell, there is no other such work of this type present in the past or 
current literature, this is a entirely new, unique experiment and result.
163
Figure 43d: CLAN Forming in Human TM5 Cell - Image 4 of 8
The focal area has become yet more defined and is now a definite CLAN although the 
spokes are clearly visible, as yet the hubs are not yet clear. The stress fibres appear to 
terminate where the CLAN has formed. There is also now a second focal region 
toward the bottom of the image, that may or may not be hubs forming for another 
CLAN. Time elapsed since last image is 4 minutes.
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Figure 43e: CLAN Forming in Human TM5 Cell - Image 5 of 8
The CLAN is now very pronounced and the spokes are clearly visible. Also, a second 
CLAN appears to be forming (lower circle). Time elapsed since the previous image is 
4 minutes.
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Figure 43f: CLAN Forming in Human TM5 Cell - Image 6 of 8
The CLAN now consists of 5 hubs and 4 spokes and is very geodesic. Time elapsed 
since previous image is again a further 4 minutes after the previous image.
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Figure 43g: CLAN Forming in Human TM5 Cell - Image 7 of 8
In this image the spokes are less pronounced, as are the hub sites and it appears as 
though the CLAN is disintegrating. Time elapsed since last image is 4 minutes.
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Figure 43h: CLAN Forming in Human TM5 Cell - Image 8 of 8
The CLAN from the previous image has now completely dissipated. There are stress 
fibres now extending to the top of the cell, and the smaller focal area is again visible 
toward the bottom of the image where more hub points appear to be forming.
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4.0 Discussion
4.1 Initial Investigations into the CLAN forming potential of Bovine 
Meshwork Cells
4.1.1 CLANs in Bovine and Human (Trabecular) Meshwork Cells and Tissues
CLANs and CLAN-like structures have been previously described in detail by 
numerous groups; but all the work prior to this was undertaken in human trabecular 
meshwork cells and tissues. The difficulty with relying solely on human tissues and 
cells is that the availability of human tissue is limited and there is much variability 
between different patients / donors with regard to CLAN induction (Wade et al, 2009). 
Bovine cells and tissues are readily available at any time. The bovine trabecular 
meshwork is very large compared to the human and it is so easier to dissect. 
Additionally the cells in culture are robust and can be maintained in low serum 
conditions with little difficulty something problematic, particularly with human 
primary cultures.
The anatomy of the bovine outflow system is different from the human equivalent, 
having a "reticular” rather than the primate-styled "trabecular” organization (Flugel et 
al, 1991) and some of the bovine meshwork contractile responses differ from the 
human (Thieme et al, 1999). However, on the whole, the human trabecular meshwork 
cells and the bovine meshwork cells have many features and physiological responses 
in common.
It should be expected then, that the actions of glucocorticoid on the (trabecular) 
meshwork of human and bovine have many similarities. As discussed, corticosteroids 
can cause IOP elevation and corticosteroid glaucoma in vulnerable human patients 
(Wordinger and Clark 1999; Tripathi et al., 1999), and IOP elevation is a consistent
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finding following corticosteroid application to cattle (Gerometta et al., 2004). 
Glucocorticoids have a widespread pleiotropic effect (Wordinger and Clark, 1999) 
and many of their actions in human cells (Hernandez et al„ 1985; Yun et ah, 1989; 
Lepple-Wienhues et al, 1991) also occur in bovine cells (Wiederholt et al, 1995; Zhou 
et al., 1998).
In addition, mRNA and total protein encoded by the glaucoma gene MYOC is up 
regulated by dexamethasone in human trabecular meshwork cells (Nguyen et al., 1998; 
Tamm, 2002; Fan et al., 2008) and the expression of MYOC-mRNA is increased in 
the bovine meshwork by dexamethasone (Taniguchi et al.,2000). Dexamethasone and 
other glucocorticoids, have been shown to modify the F-actin cytoskeleton of 
confluent human trabecular meshwork cells in culture by inducing CLAN formation 
(Clark et al, 1994).
The induction process is not exclusive to cultured trabecular meshwork cells because 
it can be reproduced in ex vivo “intact” trabecular meshwork tissue that has been 
perfused with dexamethasone as shown in our laboratory in earlier studies (Clark et al, 
2005, Hoare et al, 2009). The dexamethasone induction of CLANs is so far as is 
known, apparently exclusive to trabecular meshwork cells (Clark et al, 1994), but now 
we know from the work done in this thesis that it is not exclusively to human 
trabecular meshwork cells.
This study details for the first time that dexamethasone-induced CLAN formation is 
also a feature of bovine meshwork cells in culture and in bovine tissue ex vivo.
The CLANs induced in bovine meshwork cell cultures were identical to those seen in 
human cell cultures both in size and in their organization. Bovine and human 
meshwork cells both responded well to 10'7M dexamethasone, which is equivalent to 
the aqueous humor concentration of the steroid following topical administration of
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dexamethasone drops to the eye, as reported by (Watson et al., 1988). The percentage 
of confluent bovine meshwork cells exhibiting CLANs within their cytoplasm was 
around 50% after 14 days dexamethasone exposure, and this was reasonably 
consistent from culture to culture. Such a response compared favourably to non- 
transformed primary human trabecular meshwork cells and better than the 
transformed human cell lines commonly used in the current investigation. It remains 
to be established whether or not the transformation process has a CLAN inhibiting 
action, but it seems likely that this is so.
By way of contrast, there did seem to be a consistency in the bovine meshwork cell 
CLAN response to dexamethasone such that (within limits) passage number was not a 
confounding factor; and also cultures derived from different eyes all responded in a 
remarkably similar manner. The bovine meshwork cells, once established in culture 
and at confluence were sufficiently robust to withstand long periods in minimal serum 
or serum free conditions and even in these situations dexamethasone induced 
consistent percentage of cells to form CLANs. There is some evidence to suggest that 
the IOP elevation provoked in cattle by topical corticosteroids is far more uniform 
(Gerometta et al, 2004) than in humans with their populations of IOP responders and 
non-responders (Tripathi et al, 1999). It is interesting to speculate that the steroid 
induced high incidence of CLANs in the human and bovine meshwork cell 
populations is in some way contributing to the IOP elevation associated with 
dexamethasone treatment. As yet, there is no direct evidence that this is the case. 
However establishing the possible relationship between CLAN incidence and steroid 
induced IOP elevation is a sensible future research direction that ought to be followed 
up. The question also arose as to the reason why there were relatively small, but 
consistent numbers of CLANs in confluent cultures that had no dexamethasone or
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another steroid added to the tissue culture medium. A reasonable assumption was that 
Cortisol within the serum in the cell culture media was responsible for provoking 
baseline levels of CLANs (Clark et al, 1994).
It is now less likely that this assumption is correct, because the Cortisol content of 
batches of FCS used in this work was measured by HPLC, and this found that the 
corticosteroid content of the batches tested to be not more than a mere 7nM (courtesy 
of L. Bailey and B. Taylor, Clinical Chemistry Department, University of Liverpool). 
Additionally, the baseline levels of CLANs in bovine meshwork cells when exposed 
to reduced serum or serum free conditions was low but not absent. With human 
trabecular meshwork cell cultures, a few CLANs were found in controls exposed to 
vehicle but not dexamethasone (Clark et al, 1994), and this was also the case in this 
bovine meshwork cell study where a few cells had CLANs (between 1 and 5%). In 
addition, the basal levels of CLANS in these bovine meshwork cells cultured without 
dexamethasone modestly increased with passing time in culture, so that around 10% 
of the cell population had CLANs after two weeks in culture. There is no reason to 
assume that corticosteroids are the only CLAN inducing agent, but at the outset of this 
thesis there were no known alternatives, other than possibly mechanical stretch 
(Tumminia et al, 1998).
The current findings suggest that cultured bovine meshwork cells are valuable for the 
investigation of the F-actin cytoskeleton in general, and of CLANs in particular. 
Glucocorticoid induced CLANs may be restricted in terms of the cell type in which 
they can form (Clark et al, 1994), but this work has shown that they are not species 
exclusive. In addition, the list of agents that may be used for the induction of CLANs 
in trabecular meshwork cells is increasing from just corticosteroids (Clark et al, 1994; 
Clark et al, 2005), to mechanical stretching (Tumminia et al, 1998), and now by this
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thesis it has grown to include aqueous humor and TGFB2. It is likely that further 
stimulants (and perhaps even CLAN inhibiting chemicals) will be found in the near 
future that will help determine whether or not these structures have a crucial role in 
normal and abnormal trabecular meshwork cell and tissue function.
4.1.2 CLAN Type and Variation
The types of CLANs observed in the bovine cells were the same as those that had 
previously been identified in human cells. There are a range of non geodesic CLAN 
arrangements that seem to be ubiquitous as they appeared in both species (Read et al, 
2007, Wade et al, 2009). These different structures may have different functions, or 
they all may serve one purpose, but as yet it is not possible to say with any certainty 
what this function(s) might be. The different CLAN types seemed to not have a 
specific location within the cell, any cell CLAN type could be found any where in the 
cell (peripherally, over the main body of the cytoplasm, peri-nuclear or nuclear).
4.1.3 Effect of Passage Number on CLAN Formation
Although at the outset of this study work was limited to the investigation of CLANs 
in early passage cells, it was of interest that dexamethasone induction of CLANs 
remained high in bovine cells whether they were from low or high passage cultures 
(up to 25 passages). In vivo, the trabecular cells would undergo numerous mitotic 
divisions, and so this information was felt pertinent as if CLAN formation dropped off 
at higher passages then the likihood of these structures being involved in a disease 
that occurs commonly in aging eyes must be doubtful. However, the CLAN 
prevalence in late passage cells is as high as it is in low passage cells. There is no loss 
of CLAN forming ability with advancing age. It is interesting that the ability to form 
CLANs is maintained to such a high passage when at this age many other functions
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may have been lost. This requires further investigation for a complete answer as to 
why this might be, however the fact that this ability is preserved so highly could 
potentially mean that CLAN formation is important in some ways in these cells.
A feature of the dexamethasone-induced CLAN formation process in human cells as 
shown in this work and in other studies (Clark et al, 1994) is the high degree of 
variation in response between different cultures. Clark reported one human cell line 
that did not form CLANs (Clark et al, 1994), and in this study the cell line (NTM5) 
that produces steroid induced CLANs in only 15% of cells, whereas other human cells 
can reach around 60%, albeit after 14 days of dexamethasone exposure. The 
variability in steroid induced CLAN formation in human trabecular meshwork cells 
may relate to the known variability of response of meshwork cells to steroid in 
general. The variable response could be a part of the whole spectrum of responders 
and non responders that characterises the human eye in vivo and ex vivo (Clark, 1995; 
Wordinger and Clark 1999).
4.1.4 CLAN Half Life
The survival time of CLANs after dexamethasone withdrawal from human trabecular 
meshwork cultures was first reported by (Clark et al, 1994) and was comparable to 
that observed here. The research detailed here has shown that CLANs were 
reasonably persistent whether they were in human or in bovine cells. After the 
removal of dexamethasone in this work, CLAN incidence fell back down to baseline 
levels, but only after a week or so. The half life of bovine meshwork CLANs was 
marginally shorter at about 2.5 days compared to the various human cells where the 
half life was always over 3 days. It is not clear why the CLANs are lost more quickly 
in bovine cells when they are so much larger and in most cases more numerous than
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they are in human cells. It may just come down to a species difference, but it could be 
something to do with the actin isoforms in these cells. It is possible that the isoforms 
predominance is different in human and bovine cells but this research did not attempt 
to answer this question.
4.1.5 CLANs in Bovine Meshwork Tissue
The cells in the dexamethasone exposed ex vivo strips of meshwork did exhibit 
CLANs and CLAN like structures as did the control specimens. Although they were 
numerous, the CLANs were small and difficult to identify compared to those found in 
the human equivalent tissue (Clark et al, 2005). As yet we cannot determine if this 
was a species difference since the bovine meshwork strips were soaked in 
dexamethasone for 3 days or less while the ex vivo human trabecular meshwork was 
intact and perfused with dexamethasone, as part of an anterior segment organ culture 
system (Clark et al, 1995b), for up to 15 days (Clark et al, 2005).
Bathing bovine meshwork strips in various media containing dexamethasone is a 
simple technique, but it is not as useful as having the meshwork appropriately 
connected within the scleral sulcus - the dramatic change in stress fibre orientation 
and shape seen in dexamethasone soaked bovine meshwork strips might merely be 
due to a lack of tissue cohesion or because of a loss of pressure or perhaps cells deep 
within the tissue do not receive as much nutrient replenishment and gas exchange as 
they might normally. Such a view is supported by the fact that meshwork cells in 
tissue culture, as observed in this work and in previous investigations (Clark et al, 
1994), mostly maintained straight stress fibres in the presence of dexamethasone 
(possibly because the trabecular meshwork cells are strongly adherent to the rigid 
base of the culture flask and possibly because the flow in this system puts the cell
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under “stress” through its motion or flow, thereby maintaining structural integrity 
whereas as stagnant or non flowing system would reduce stress on the cells and 
possibly cause them to lose stress fibres). Anterior segment organ culture perfusion 
chambers suitable for the bovine may well help resolve these issues relating to 
dexamethasone associated CLANs and also to stress fibres in this tissue. Of direct 
relevance to this work are the findings in a new study undertaken by Tektas et al 
(2010) who found that bovine eyes treated with prednisolone for 4 weeks exhibited 
many of the same changes that have previously been observed in the human eyes with 
POAG or after steroid treatment, namely extra-cellular matrix plaques under the 
endothelium of the inner wall in the outflow loops. The conclusion was that this made 
the bovine eye a good model for glaucoma research, a finding further supported by 
the work in this thesis.
4.2 Effect of Bovine Aqueous Humor on Morphology
4.2.1 Aqueous Manipulation Experiments and CLAN Induction
Others have shown that growing human trabecular meshwork cells in medium 
containing human aqueous markedly affected the morphology and functional 
activities of the human meshwork cells, apparently due to proteins in the aqueous 
(Fautsch et al., 2005). In addition, CLAN-like structures have been reported in the 
trabecular meshwork of normal and glaucomatous subjects not exposed to steroid 
(Hoare et al, 2009).
It seemed reasonable to speculate that aqueous humor may have cytoskeletal 
modifying components within it that might affect trabecular meshwork cell actin 
structure. Therefore, we exploited the abundance of bovine aqueous and the hardiness
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of the cultures to show that these cells had a significantly elevated number of CLANs 
when incubated in either 100% bovine aqueous or 50% bovine aqueous in DMEM, 
when compared to DMEM alone. The induction was greatest in 100% bovine aqueous 
and was only slightly less than that produced by 10 7M DEX in the same experimental 
runs. It is still unknown exactly what the CLAN-inducer(s) are in bovine aqueous 
humor, but it does not appear to be corticosteroid related for several reasons. HPLC 
analysis indicated that the total corticosteroid content in a pooled sample of aqueous 
was less than InM, In addition, our rudimentary analysis of aqueous humor indicated 
that the CLAN inducing action is probably associated with something that can be 
denatured and is reasonably small (between 5,000 and 50,000 Daltons). The unknown 
component of aqueous humor is a fairly potent CLAN producer in bovine trabecular 
meshwork cells and may be as good if not better than dexamethasone, given that it 
may not be at its optimum CLAN provoking concentration in aqueous.
These results justify a careful examination of aqueous CLAN induction to identify the 
causative agents, as well as to extend our investigations to human samples.
4.2.2 Effect of TGFfl2 on Bovine Meshwork Cells
Because cells grown in aqueous humor exhibited a pronounced CLAN prevalence, 
and because preliminary experiments did not exclude it as a possibility, and because 
some patients with primary open angle glaucoma have increased concentrations of 
TGFP2 (Tripathi et al, 1994) it was felt prudent to examine the effect of direct 
application to bovine cells.
As there was no bench mark for concentrations of this compound with regard to 
CLAN formation, a trial with arbitrary concentrations (1, 5 and lOng/ml) were 
selected. The normal concentration in adult aqueous humor has been reported to be
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around 2ng/ml. By selecting these concentrations for the optimisation / trial it was 
hoped that a “normal” response might be provoked (Ing/ml) and the other 
concentrations would give some indication of what an exaggerated response might 
look like.
Cells treated with TGFP2 at any concentration appeared healthy throughout the 
culture period. These cells had healthy looking nuclei on the whole and were well 
spread. There were no obvious signs of harm to most of the cells but there was a 
significant amount of apoptosis in the cultures treated with lOng/ml, compared to the 
1 and 5ng/ml cultures. As 2ng/ml was physiological, and 1 was less than this, it was 
decided that 5ng/ml would be the concentration used for subsequent work.
There were many CLANs in cultures treated with TGFp2, not only were they very 
numerous, but they were also very large compared to the average CLAN observed 
with dexamethasone treatment. They also had the feature of appearing to extend 
across cell borders and one CLAN appeared to merge with a CLAN in the adjacent 
cell. This phenomenon was also observed in bovine cells treated with dexamethasone, 
(but not in human cells) and the presumed linking process may have consequences 
with regard to aqueous outflow resistance in vivo, the “linking together” of many cells 
could conceivably lead to increased resistance to outflow through the normally 
somewhat elastic meshwork tissue and could be causal factor in the increased IOP 
seen in POAG. The linking together of cells might also have other consequences for 
the cell and could possibly impede the normal cytoskeletal functioning of these cells, 
preventing endo / exocytosis or phagocytosis, all important functions of these cells 
(Grierson and Hogg 1995).
4.3 Investigations into CLAN Formation in Transfected Live Cells
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4.3.1 Initial Transfection Experiments 
Bovine Meshwork Cells
The bovine cells for this work were taken from primary cultures that were on the 
fourth passage. They were healthy cells; they no longer contained any melanin 
granules and were growing robustly.
Despite these facts and the best practice being followed these cells would not transfect 
- not at any concentration of Fugene 6 or cDNA and not if given extended time 
periods in which to start showing some sign of having taken up the plasmid.
Prior to commencing this work the sequences in the plasmid were matched carefully 
with the bovine sequences and it was at that time reassuring to see that they matched 
so well. The first trial of bovine cells used were not pre-treated with dexamethasone, 
the conditions were as prescribed by the transfection reagent manufacturer, and so it 
cannot be said with any certainty exactly why these cells would not transfect.
At first it was thought that there was perhaps some problem with the plasmid and so 
the decision was taken to trial transfection in Hela cells.
Hela Cells
Hela cells were successfully transfected with the human beta actin eGFP plasmid. In 
fact, in most cases the plasmid was highly over expressed, and the entire cell was seen 
to be bright green - with no actin definition. Although actin definition in these cells 
may not be clear generally.
The lowest concentration of cDNA to Fugene 6 (1:6) proved to be the most useful and 
good visibility of the cells was achieved with this ratio, however, there was no clear 
actin definition even with this best transfection run.
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Human Trabecular Meshwork Cells
Given the inability to transfect bovine cells and the necessity to see CLANs using this 
plasmid — the logical next step was to attempt to transfect human trabecular 
meshwork cells.
TM5 cells were trialled first purely because those cells were already at confluence at 
this time and were ready to use. Optimisation tests showed that these cells were 
transfectable and also that the optimum transfection ratio gave excellent visualisation 
of the actin within these calls.
Later experiments showed that the human TM3 cells were equally transfectable and 
also gave very good actin visualisation (as determined by the ability to see stress 
fibres initially).
4.3.2 Experiments to Improve Transfection Efficiency
Although the human trabecular meshwork cells were transfectable - the transfection 
efficiency was low (approximately 10%) even if 48 hours were allowed post 
transfection. The cells did not have the fastest growth rate and were certainly far 
slower to grow than the Hela cells.
A method was sought therefore to improve the transfection efficiency in the human 
trabecular meshwork cells. The method could not be chemical as to add another 
chemical might provoke more complicated results - and the desired outcome was for 
the human cells to produce CLANs identical to the ones that had been previously 
observed and it was not certain whether or not the addition of a new chemical might 
alter these in some way.
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Serum Starvation
Serum starvation causes a cell population to enter into Go (quiescence) or arrest in Gi 
phase of the cell cycle. Having all cells in the same cell cycle phase is desirable 
because it is then possible to kick them into the cell cycle again in a synchronous 
manner, so that most of the cells will divide at the same time, hopefully taking up the 
plasmid as they do.
Cells were seeded to give approximately a 50% confluence level in Iwaki plates. This 
was to ensure there would be sufficient room for the cells to multiply in once the 
serum was reintroduced. The following day the media was changed to normal 10% 
DMEM while the transfection procedure was carried out. The cells were then left for 
36 to 48 hours before they were re-examined. By this technique a transfection 
efficiency of approximately 30% was achieved - a 3 fold increase from that achieved 
without cell synchronisation / serum starvation.
Cells transfected with this plasmid and the serum starvation looked no different to non 
transfected cells when viewed with phase contrast. They continued to grow and were 
still expressing the eGFP protein a week after initial transfection.
There was no discemable effect on cellular morphology or any observable nuclear 
changes. The cells were motile when views with the axiovert confocal microscope 
and gave no indication that they were anything other than normal.
Mechanical Disruption
I will preface this discussion by stating that this is not a recognised technique and it is 
not, as of the date of writing, mentioned in the literature, to the best of the writer’s 
knowledge.
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Serum starvation was thought to be a good technique because it did not introduce any 
new chemical into the chemical cocktail to which these cells were exposed. However, 
the effect of forced cell quiescence may in itself have some biochemical effect on the 
cells that was non observable, but potentially important in the formation of CLANs. 
Given that the goal of serum starvation was only to provoke the cells to divide, 
another method of doing this was designed, just so it could be used as a control for the 
serum starved cells.
Cells at confluence will stop dividing due to contact inhibition. If such cells are then 
disrupted the theory under test was that the remaining cells would begin to divide to 
“fill in the gaps” and regain confluence.
Although the method of disruption was crude - using a pipette tip to physically 
dislodge cells from the plate by dragging the tip through them - this was, nonetheless 
a very effective method of inducing cell division. The amount of cell growth was 
dependant on the level of disruption to a point, but too much disruption to the cell 
layer had the opposite effect.
The swift replacement of the media was important because of leaking enzymes from 
damaged cells.
Once transfected, the new cell growth could clearly be seen in “lines” or “zigzags” 
where the pipette tip had been dragged through them.
The cells remaining after this technique were identical to those observed after serum 
starvation which meant that the serum starvation and the mechanical disruption 
methods were equally useful in producing a higher level of transfected human 
trabecular meshwork cells.
4.3.3 Time Lapse Experiments
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The cells used for this work where the “normal” trabecular meshwork cells taken 
from a 19 year old donor with no history of eye disease. At best they had produced 
only (approximately) 15% CLANs after 2 weeks of treatment with dexamethasone. 
Using the serum starvation method of cellular synchronisation, 30% of the total 
numbers of cells were seen to be eGFP positive. This meant that of all the cells 
available only approximately 4% were both eGFP positive and CLAN producing.
Of course, there was no way to tell from the outset which cells would form CLANs or 
not. There was also a balance to be had between choosing many cells to follow and 
the time elapsed between images of the same cell; too long and important information 
could be missed, too few fields of view and the chances of seeing a CLAN form 
would be less. The issue was further confounded by the fact that during its 
repositioning, the microscopes imaging system did not always focus on the entire cell; 
it would stop its focus as soon as the top of the cell came into view clearly, and this 
must mean that some CLANs would be missed through ill focus. Additionally one 
final problem was that some cells moved away from their starting position, the 
microscope was set to return to a set coordinate, so if the cell of interest moved, it was 
lost.
Of the cells that showed CLANs or CLAN like structures the features that occurred 
most commonly in CLAN producing cells were as follows. CLAN producing cells 
were usually well spread and clearly visible (I.e. they had taken up and sufficient 
plasmid to have their features clearly defined and visible. They also had good stress 
fibre content and (fortunately) these cells did not appear to move out of shot as readily 
as some did. Despite these issues over 100 cells were successfully followed.
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4.3.4 CLAN Formation in Living Human Trabecular Meshwork Cells
Fig 47 in results is a series of images which shows the formation and dissolution of a 
CLAN in a HTM5 cell.
Of all the CLANs imaged, this one was the most clearly defined however there were 
several other supportive examples observed throughout this work. A few interesting 
observations can be made of this series of images. The images were taken 
approximately 4 minutes apart. The CLAN in the top of the image is present in some 
form for 7 images which showed it has formed and dissolved again within 28 minutes. 
This cell was not newly seeded and so this CLAN was not the transient type described 
in many other papers in “settling” cells. This cell had been seeded 48 hours previously. 
It is seen to form by first the “hubs” and later the “spokes”.
Each CLAN is made up of separate geodesic units - consisting of a hexagon-like 
arrangement of hubs - 1 central, 6 arranged as though on the points of a hexagon 
around the central point. In this case it appears as though the central hub appears first, 
and is then followed by the surrounding hubs. These are then “joined up” by the 
formation of spokes which run between the hubs.
It might be that the hubs; especially the first hub to form, is in some way an 
“organising centre” for the rest of the structure. This is at this point mere speculation, 
but the fact that it forms first is indicative of an organising role.
As these images were taken 4 minutes apart they were not able to capture the spoke 
formation. More work on this technique, and fewer cells with far less time between 
images might show how the spokes appear. If they originate from the central hub then 
its role as an organising centre for each geodesic unit would be further supported.
If it were possible, the isolation and investigation of these hubs would prove highly 
valuable, the spokes are likely to be only scaffold as far as can be reasonably
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postulated, clearly there are numerous areas of this original work that could be 
expanded upon. However, the findings of this work would suggest that CLAN 
formation and loss are far faster processes than was originally suspected (prior to this 
work, the literature suggested that once formed, these structures were relatively stable) 
the findings in this thesis suggests that CLANs can form in a matter of minutes and 
can be lost again in a similar time frame, whereas the work done with fixed (static) 
cells suggests that the time scale is days. It may be that a rapid turnover in some 
places in some cells gives the illusion of longevity, but this as yet is speculation.
4.4 Further Work and Miscellaneous Theories
There still are a number of questions and unresolved issues associated with TM cell 
CLANs; such as how they form and what is their effect on meshwork cell 
biomechanics? Do they play a direct pathogenic role in outflow resistance and 
glaucoma or are they as a consequence of some other as yet unknown pathogenic 
event, i.e. are they a cause or a consequence of glaucomatous change or entirely 
unrelated?
Some CLAN associated proteins such as alpha-actinin and syndecan-4 have been 
identified (Clark et al, 2005; Filla et al, 2006), but their role in CLAN formation 
remains speculative.
Polygonal networks of F-actin have structural “tensegrity” but exactly how this 
architectural feature (Ingber, 1998) might translate into trabecular meshwork cell / 
tissue function or pathology is unclear.
Experimental stretching of human trabecular meshwork cells in vitro induces 
cytoskeletal changes including the formation of geodesic CLAN-like structures 
(Tumminia et al, 1998). The contribution and consequences of CLANs or CLAN-like
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structures therefore warrants further investigation, especially as the cells of the 
trabecular meshwork are subjected to stretch in vivo.
We observed an alteration in the actin cytoskeleton of bovine meshwork cells treated 
with dexamethasone. This alteration ranged from a reduction in the number of stress 
fibres to the formation of actin tangles and CLANs. It is possible that the dissolution 
of the normal actin cytoskeleton following exposure to dexamethasone results in the 
cell becoming unstable (or unsupported). In cells that are usually subjected to flow 
over the surface of the cell, while their basal aspects remain firmly attached, this 
dissolution of the normal cellular support could conceivably lead to a certain amount 
of stress or torque across the top of the cell. If the presence of dexamethasone is in 
some way preventing the formation of stress fibres which would presumably act as a 
kind of brace against such forces, then the formation of CLANs may be the next 
default cytoskeletal response. There is some evidence that points towards this theory 
being at least partly true. Ingber (1999) showed that low fluid shear across cell 
membranes bought about through microgravity (earth based systems) caused 
increased basal adhesion and cytoskeletal rearrangements mediated via 
mechanosensitive channels in the plasma membrane (Nickerson et al, 2004). Other 
work in bacteria has shown that cells are able to regulate their turgor (or their 
“fullness” and deformation) through various gated channels and their cytoskeleton by 
sensing perturbations across the cell surface (Blount et al, 1996; Blount et al, 1999a; 
Blount and Moe, 1999b).
Many cells form geodesic cytoskeletal arrangements temporarily - for example when 
they are in suspension - or while becoming established in a culture flask. It would 
seem that such cells, which are normally adherent cells, could form these physically 
strong structures for a number of reasons, including maintenance of sub-cellular
186
organisation, resistance of compression (Ingber, 1999) and protection (from outside 
forces) and also possibly so that they remain stable (presuming these sub membranous 
structures might act almost as an exoskeleton would) allowing for the proper 
organisation of organelles (etc) within the cell.
If this theory holds true, then the smaller CLANs that form may be as a result of small 
scale membrane disturbances, under which these structures form to support the area 
(almost as a cellular sticking plaster or brace). The long term exposure of trabecular 
meshwork cells to CLAN inducing chemicals could cause the formation of larger 
CLANs through the initiation of large scale actin disruption and subsequent 
membrane instability caused by the constant flow of aqueous over these cells (in vivo). 
Because in vivo the CLAN inducing chemical is present constantly (in the case of 
TGFp2 or long term dexamethasone treatment for ophthalmologic disease) there is no 
opportunity for these structures to dissipate and for normal structure to be restored, 
which in an elastic tissue could be limiting and disease initiating.
Although CLANs form similarly in response to dexamethasone and to TGFP2, two 
seemingly unrelated compounds, there is a common mechanism by which both 
compounds could result in the same outcome.
Both dexamethasone and TGFP2 cause an increase in the amount of TGFpl present 
in the cell. An increase in TGFp2 causes an increase in TGFpl by a complicated 
positive feedback mechanism whereby the presence of TGFp2 triggers the activation 
of SMAD (via the activation of a number of kinases, including API, fos and C-jun) 
which results in the direct production of more TGFp2 (which subsequently causes an 
increase in the production of TGFpl) (Fu et al, 2002). Dexamethasone acts by 
binding to the glucocorticoid receptor and translocating to the nucleus where it binds 
to a GRE or glucocorticoid response element within the TGFpi suppressor gene
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where it acts to down regulate suppression, thereby allowing transcription of the 
TGFpl gene proper which results in a rise of cellular TGFpl and TGF(32 (Boland et 
al. 1996, Starsichova et al, 2009).
TGFpi has several effects on the cell including, cell spreading, increases in cell 
adhesion and major cytoskeletal changes (Starsichova et al, 2009) including an 
increase in the number of basal stress fibres (Boland et al, 1996) an increase in the G 
to F actin polymerisation and actin tangles (Moustakas and Stoumaras 1999) and also 
a decrease in alpha smooth muscle actin (Robertson et al, 2010). Some of these 
features were present in CLAN containing cells although none of the references 
undertook work in trabecular meshwork cells. It could be a useful avenue of research 
to pursue a similar study to that undertaken by Boland et al, but using trabecular 
meshwork cells in place of tracheal epithelial cells.
It is possible that limiting the amount of TGFp2 (which would in turn reduce the 
concentration of TGFpi) would reduce the incidence of CLANs. Such experiments 
were not conducted during this present study, but this could clearly be an area in that 
might prove productive in regard to CLAN research. If knocking out TGFP2/ TGFpl 
was able to reduce CLAN incidence then doing so pharmacologically might be a 
viable future treatment option.
TGFp2 might also be a useful tool for any further work that might look at live cell 
imaging of CLANs. Dexamethasone pre-treatment completely removed the ability to 
transfect the cells, but as it is already present within the cells, it could be that TGFp2 
would not. The difficulties with trying to capture CLAN formation are as previously 
discussed quite large. The non transfectability of the bovine cells, and the inability to 
pre-treat the human cells with dexamethasone meant that the cultures would contain 
only very few CLAN containing cells. Add to this the fact that only 30% (at best) of
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cells were eGFP positive and it is clear that this area needs further work to be 
productive. The fact that CLANs were imaged forming at all in this relatively small 
scale study was extremely fortunate, given the likelihood of doing so. If the pre­
treatment issue could be over come (possibly with TGFp2) then the ability to follow 
more CLANs would be easily achievable as many cells would contain CLANs at the 
start of the imaging run, and such cells could be purposefully chosen. Much other 
information could be gained using the live cell imaging techniques outlined in this 
work (or through a variation of it). The CLANs caught forming in this study was at 
the time of writing the only such CLANs to have been observed doing so. The data 
obtained from this work, albeit limited due to time constraints will provide valuable 
clues to many researchers to move CLAN formation research along. Such work could 
examine now the hubs, which we now know form in advance of the spokes and 
subsequent geodesic arrangements. How exactly these hubs or organising centres are 
able to distribute them selves so precisely is another area that would make interesting 
research.
Further research should also be aimed at trying to identify exactly what component of 
aqueous humour is causing CLANs. It is possible that TGFp2 is responsible, and this 
possibility was not ruled out by the preliminary experiments carried out during this 
research.
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5.0 Summary of Novel Findings
Cells and tissues from another species do form CLANs both with and without 
dexamethasone stimulation.
CLAN formation in bovine cells at least equals that in human cells and tissues and 
may be greater in some cases especially when compared to transformed human cell 
lines.
CLAN formation in bovine cells is remarkably robust and reliable, with numerous 
cultures tested producing very similar responses. This compares favourably with 
human cells which have a highly varied response to CLAN inducing stimulus.
CLANs form regardless of passage number - even up to extremely high passages (25)
The array of CLAN types displayed in bovine cells are identical to those displayed in 
human cells - geodesic, “basket” like, “star burst” like etc.
CLANs can form domes or be more flattened.
CLAN formation in bovine cells and tissues is both time and dose dependent.
The half life of CLANs in bovine cells after dexamethasone was removed from the 
cell culture media was 2.5 days compared to 3.7 days for human cells.
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CLANs in bovine tissue are present but are difficult to identify due to the presence of 
numerous actin tangles - at least in the “organ bath” method used in this work.
CLANs do not appear to be associated with apoptosis or other cell damage.
Bovine aqueous humor induces CLANs in bovine cells, this effect is diminished by 
acid treating the aqueous and by passing it though a 5,000 kDa molecular weight cut 
off filter, but not reduced by alkali treatment or by passage through a 30,000 kDa 
molecular weight cut off filter.
CLANs are induced in human and bovine cells by TGFP2. The pathway for this must 
be in some way saturable as treatment with 1, 5 or lOng per ml results in very similar 
levels of CLAN induction, although cell death and apoptosis is markedly higher in the 
cells given the highest dose.
It is possible to visualise CLANs forming in live human cells using a human beta 
actin eGFP plasmid, however this is not an easy technique to undertake and needs 
more work to make it productive.
Bovine meshwork cells are not transfectable with the plasmid used in this work, 
despite the fact that the gene sequences matched.
Pre treatment of human cells with dexamethasone prevents subsequent transfection by 
an as yet unknown mechanism.
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From this work it is possible to say that when CLANs form, hubs appear first and are 
followed shortly after by the spokes, Hubs may be organising centres for CLAN 
formation.
CLANs and stress fibres can co-exist in the same cell at the same time.
CLANs and CLAN like structures can form and dissipate quite quickly (one was 
observed during time lapse work here forming and dissipating within a 28 minutes). 
This would suggest that while CLANS must be at least semi permanent, somewhat 
stable structures (because there is an increase over time) that they are also a short term 
feature in trabecular meshwork cells. There may in fact be two sub sets of CLANs - 
one that is short term and others that persist as long as a CLAN inducing stimulus 
exists. This again needs further investigation.
Some of the work (The data and information relating to CLAN formation in bovine 
meshwork cells, and that relating to the capabilities of aqueous humor to induce 
CLANs and the experiments to elucidate the causal agent) was published last year.
The work with TGFp2 is being continued by another student, and the live cell CLAN 
work will be written up for publication shortly.
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